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Writing and Communication Skills



AIMS

• Understand the structure and components of 
review and research articles 

• Learn how to evaluate journals, articles, and 
authors. 

• Conduct literature research 

• Learn about academic search engines and 
websites 

• Identify recent published literature related to your 
research project or field of study.



Let’s revisit the primary and secondary 
articles



Primary literature 

Peer-reviewed 
scientific articles



Primary literature 

Peer-reviewed 
scientific articles



Secondary literature 

Review articles



Secondary literature 

Review articles



Can you identify the differences between 
review and research articles? 

Can you tell if the article is worth your 
reading and citation?



You need to know what you are looking for 
and how to evaluate good sources



Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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Abstract | Linkage disequilibrium — the nonrandom association of alleles at different loci 
— is a sensitive indicator of the population genetic forces that structure a genome. 
Because of the explosive growth of methods for assessing genetic variation at a fine scale, 
evolutionary biologists and human geneticists are increasingly exploiting linkage 
disequilibrium in order to understand past evolutionary and demographic events, to map 
genes that are associated with quantitative characters and inherited diseases, and to 
understand the joint evolution of linked sets of genes. This article introduces linkage 
disequilibrium, reviews the population genetic processes that affect it and describes 
some of its uses. At present, linkage disequilibrium is used much more extensively in the 
study of humans than in non-humans, but that is changing as technological advances 
make extensive genomic studies feasible in other species.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.
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Review articles: 
Structure and components



Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.

Nature Reviews | Genetics
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.

Nature Reviews | Genetics

0 100 200

L

D′

kb

q > 0.15

L

D′
1.0 0.8–0.99 0.6–0.8 0.4–0.6 0.2–0.4 0–0.2

>10,000 1,000–10,000 100–1,000 20–100 <20

Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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some of its uses. At present, linkage disequilibrium is used much more extensively in the 
study of humans than in non-humans, but that is changing as technological advances 
make extensive genomic studies feasible in other species.
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:
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which is the difference between the frequency of gametes 
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.

R E V I E W S

480 | JUNE 2008 | VOLUME 9  www.nature.com/reviews/genetics

© 2008 Nature Publishing Group 

One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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Abstract | Linkage disequilibrium — the nonrandom association of alleles at different loci 
— is a sensitive indicator of the population genetic forces that structure a genome. 
Because of the explosive growth of methods for assessing genetic variation at a fine scale, 
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disequilibrium in order to understand past evolutionary and demographic events, to map 
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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Abstract | Linkage disequilibrium — the nonrandom association of alleles at different loci 
— is a sensitive indicator of the population genetic forces that structure a genome. 
Because of the explosive growth of methods for assessing genetic variation at a fine scale, 
evolutionary biologists and human geneticists are increasingly exploiting linkage 
disequilibrium in order to understand past evolutionary and demographic events, to map 
genes that are associated with quantitative characters and inherited diseases, and to 
understand the joint evolution of linked sets of genes. This article introduces linkage 
disequilibrium, reviews the population genetic processes that affect it and describes 
some of its uses. At present, linkage disequilibrium is used much more extensively in the 
study of humans than in non-humans, but that is changing as technological advances 
make extensive genomic studies feasible in other species.
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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Abstract | Linkage disequilibrium — the nonrandom association of alleles at different loci 
— is a sensitive indicator of the population genetic forces that structure a genome. 
Because of the explosive growth of methods for assessing genetic variation at a fine scale, 
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disequilibrium in order to understand past evolutionary and demographic events, to map 
genes that are associated with quantitative characters and inherited diseases, and to 
understand the joint evolution of linked sets of genes. This article introduces linkage 
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some of its uses. At present, linkage disequilibrium is used much more extensively in the 
study of humans than in non-humans, but that is changing as technological advances 
make extensive genomic studies feasible in other species.
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Abstract



Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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and detecting LD does not ensure either linkage or a 
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of population genetics. However, interest in LD grew 
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was too well established to be replaced.
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in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 
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tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:
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The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
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humans and in other species.
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the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
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affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Section

Subsection



Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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Abstract | Linkage disequilibrium — the nonrandom association of alleles at different loci 
— is a sensitive indicator of the population genetic forces that structure a genome. 
Because of the explosive growth of methods for assessing genetic variation at a fine scale, 
evolutionary biologists and human geneticists are increasingly exploiting linkage 
disequilibrium in order to understand past evolutionary and demographic events, to map 
genes that are associated with quantitative characters and inherited diseases, and to 
understand the joint evolution of linked sets of genes. This article introduces linkage 
disequilibrium, reviews the population genetic processes that affect it and describes 
some of its uses. At present, linkage disequilibrium is used much more extensively in the 
study of humans than in non-humans, but that is changing as technological advances 
make extensive genomic studies feasible in other species.
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.

R E V I E W S

482 | JUNE 2008 | VOLUME 9  www.nature.com/reviews/genetics

© 2008 Nature Publishing Group 

loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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Abstract | Linkage disequilibrium — the nonrandom association of alleles at different loci 
— is a sensitive indicator of the population genetic forces that structure a genome. 
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study of humans than in non-humans, but that is changing as technological advances 
make extensive genomic studies feasible in other species.
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 

R E V I E W S

NATURE REVIEWS | GENETICS  VOLUME 9 | JUNE 2008 | 481

© 2008 Nature Publishing Group 

early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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Abstract | Linkage disequilibrium — the nonrandom association of alleles at different loci 
— is a sensitive indicator of the population genetic forces that structure a genome. 
Because of the explosive growth of methods for assessing genetic variation at a fine scale, 
evolutionary biologists and human geneticists are increasingly exploiting linkage 
disequilibrium in order to understand past evolutionary and demographic events, to map 
genes that are associated with quantitative characters and inherited diseases, and to 
understand the joint evolution of linked sets of genes. This article introduces linkage 
disequilibrium, reviews the population genetic processes that affect it and describes 
some of its uses. At present, linkage disequilibrium is used much more extensively in the 
study of humans than in non-humans, but that is changing as technological advances 
make extensive genomic studies feasible in other species.
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Subsection



Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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— is a sensitive indicator of the population genetic forces that structure a genome. 
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evolutionary biologists and human geneticists are increasingly exploiting linkage 
disequilibrium in order to understand past evolutionary and demographic events, to map 
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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Abstract | Linkage disequilibrium — the nonrandom association of alleles at different loci 
— is a sensitive indicator of the population genetic forces that structure a genome. 
Because of the explosive growth of methods for assessing genetic variation at a fine scale, 
evolutionary biologists and human geneticists are increasingly exploiting linkage 
disequilibrium in order to understand past evolutionary and demographic events, to map 
genes that are associated with quantitative characters and inherited diseases, and to 
understand the joint evolution of linked sets of genes. This article introduces linkage 
disequilibrium, reviews the population genetic processes that affect it and describes 
some of its uses. At present, linkage disequilibrium is used much more extensively in the 
study of humans than in non-humans, but that is changing as technological advances 
make extensive genomic studies feasible in other species.
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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Abstract | Linkage disequilibrium — the nonrandom association of alleles at different loci 
— is a sensitive indicator of the population genetic forces that structure a genome. 
Because of the explosive growth of methods for assessing genetic variation at a fine scale, 
evolutionary biologists and human geneticists are increasingly exploiting linkage 
disequilibrium in order to understand past evolutionary and demographic events, to map 
genes that are associated with quantitative characters and inherited diseases, and to 
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study of humans than in non-humans, but that is changing as technological advances 
make extensive genomic studies feasible in other species.
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D′ to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D′ = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D′ in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is δA, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D′ = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D′ is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D′ = 1; D′ is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D′ = 1 (BOX 1). If D′ = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D′ = 1 
(D′ is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D′ < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 

758 |   BELLONE ET AL.

FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 

756 |   BELLONE ET AL.

click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.

   | 761MITF VARIANT (SW8) IN A THOROUGHBRED FAMILY

when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
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molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.

   | 757MITF VARIANT (SW8) IN A THOROUGHBRED FAMILY

dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 

756 |   BELLONE ET AL.

click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.

   | 759MITF VARIANT (SW8) IN A THOROUGHBRED FAMILY

by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 

R E S E A R C H  A R T I C L E

A de novo 2.3 kb structural variant in MITF explains a novel 
splashed white phenotype in a Thoroughbred family

R. R. Bellone1,2  |    J. Tanaka1 |    E. Esdaile1  |    R. B. Sutton3 |    F. Payette4 |   
L. Leduc4 |    B. J. Till1 |    A. K. Abdel- Ghaffar1 |    M. Hammond1,2 |    K. G. Magdesian5

Received: 12 July 2023 | Accepted: 19 August 2023

DOI: 10.1111/age.13352  

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Animal Genetics published by John Wiley & Sons Ltd on behalf of Stichting International Foundation for Animal Genetics.

1Veterinary Genetics Laboratory, School 
of Veterinary Medicine, UC Davis, Davis, 
California, USA
2Department of Population Health and 
Reproduction, School of Veterinary 
Medicine, UC Davis, Davis, California, 
USA
3Cell Physiology and Molecular Biophysics, 
School of Medicine, Texas Tech University 
Health Sciences Center, Lubbock, Texas, 
USA
4Department of Clinical Studies, New 
Bolton Center, University of Pennsylvania 
School of Veterinary Medicine, University 
School of Veterinary Medicine, University 
of Pennsylvania, Kennett Square, 
Pennsylvania, USA
5Department of Medicine and 
Epidemiology, School of Veterinary 
Medicine, University of California- Davis, 
Davis, California, USA

Correspondence
R. R. Bellone, Veterinary Genetics 
Laboratory, School of Veterinary 
Medicine, UC Davis, Davis, CA, USA.
Email: rbellone@ucdavis.edu

Funding information
UC Davis Veterinary Genetics Laboratory

Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 

758 |   BELLONE ET AL.

FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
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are also thought to be lethal in the homozygous condition 
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Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 

R E S E A R C H  A R T I C L E

A de novo 2.3 kb structural variant in MITF explains a novel 
splashed white phenotype in a Thoroughbred family

R. R. Bellone1,2  |    J. Tanaka1 |    E. Esdaile1  |    R. B. Sutton3 |    F. Payette4 |   
L. Leduc4 |    B. J. Till1 |    A. K. Abdel- Ghaffar1 |    M. Hammond1,2 |    K. G. Magdesian5

Received: 12 July 2023 | Accepted: 19 August 2023

DOI: 10.1111/age.13352  

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Animal Genetics published by John Wiley & Sons Ltd on behalf of Stichting International Foundation for Animal Genetics.

1Veterinary Genetics Laboratory, School 
of Veterinary Medicine, UC Davis, Davis, 
California, USA
2Department of Population Health and 
Reproduction, School of Veterinary 
Medicine, UC Davis, Davis, California, 
USA
3Cell Physiology and Molecular Biophysics, 
School of Medicine, Texas Tech University 
Health Sciences Center, Lubbock, Texas, 
USA
4Department of Clinical Studies, New 
Bolton Center, University of Pennsylvania 
School of Veterinary Medicine, University 
School of Veterinary Medicine, University 
of Pennsylvania, Kennett Square, 
Pennsylvania, USA
5Department of Medicine and 
Epidemiology, School of Veterinary 
Medicine, University of California- Davis, 
Davis, California, USA

Correspondence
R. R. Bellone, Veterinary Genetics 
Laboratory, School of Veterinary 
Medicine, UC Davis, Davis, CA, USA.
Email: rbellone@ucdavis.edu

Funding information
UC Davis Veterinary Genetics Laboratory

Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 

756 |   BELLONE ET AL.

click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.

ACK NO W LE DGE M EN TS
We acknowledge The Jockey Club for photographic re-
cords and for granting permission to use Thoroughbred 
samples banked at the UC Davis Veterinary Genetics 
Laboratory in this study. We also graciously acknowl-
edge the owners who provided photographs and whose 
participation made this study possible.

F U N DI NG I N FOR M AT ION
Funding for the study was provided by the UC Davis 
Veterinary Genetics Laboratory.

CON F LICT OF I N T ER E ST STAT EM EN T
R.R. Bellone, E. Esdaile, B. Till, A.K. Abdel- Ghaffar, 
and M. Hammond are affiliated with the UC Davis Vet-
erinary Genetics Laboratory, which provides genetic di-
agnostic tests in horses and other species.

DATA AVA I LA BI LI T Y STAT EM EN T
Data for this publication is deposited at the European 
Nucleotide Archive under PRJEB61164, PRJEB36403, 
PRJEB28306, PRJEB36381, PRJEB36380, and 
PRJEB30871.

A N I M A L CONSEN T
The owners of horses in the study or representatives of 
the Jockey Club gave expressed written consent for par-
ticipation or use of samples in this study.

ORCI D
R. R. Bellone   https://orcid.org/0000-0001-8838-7227 
E. Esdaile   https://orcid.org/0000-0001-6238-9793 

R E F ER E NC E S
Aleman, M., Madigan, J.E., Williams, D.C. & Holliday, T.A. (2014) 

Brainstem auditory evoked responses in an equine patient pop-
ulation. Part II: foals. Journal of Veterinary Internal Medicine, 
28, 1318– 1324.

Aleman, M., Puchalski, S.M., Williams, D.C., Kass, P.H. & Holliday, 
T.A. (2008) Brainstem auditory- evoked responses in horses with 
temporohyoid osteoarthropathy. Journal of Veterinary Internal 
Medicine, 22, 1196– 1202.

Aleman, M.R., True, A., Scalco, R., Crowe, C.M., Costa, L.R.R. & 
Chigerwe, M. (2021) Gentamicin- induced sensorineural audi-
tory loss in healthy adult horses. Journal of Veterinary Internal 
Medicine, 35(5), 2486– 2494.

Avila, F., Hughes, S.S., Magdesian, K.G., Penedo, M.C.T. & Bellone, 
R.R. (2022) Breed distribution and allele frequencies of base coat 
color, dilution, and white patterning variants across 28 horse 
breeds. Genes, 13, 1641.

Baek, M., DiMaio, F., Anishchenko, I., Dauparas, J., Ovchinnikov, S., 
Lee, G.R. et al. (2021) Accurate prediction of protein structures 
and interactions using a three- track neural network. Science, 
373, 871– 876.

Bellone, R.R., Holl, H., Setaluri, V., Devi, S., Maddodi, N., Archer, 
S. et al. (2013) Evidence for a retroviral insertion in TRPM1 as 
the cause of congenital stationary night blindness and leopard 
complex spotting in the horse. PLoS One, 8, e78280.

Blatter, M., Haase, B., Gerber, V., Poncet, P.A., Leeb, T., Rieder, S. 
et al. (2013) Clinical evaluation of the new coat colour macchi-
ato in a male Franches- Montagnes horse. Schweizer Archiv für 
Tierheilkunde, 155, 229– 232.

Brooks, S.A. & Bailey, E. (2005) Exon skipping in the KIT gene causes 
a Sabino spotting pattern in horses. Mammalian Genome, 16, 
893– 902.

Brooks, S.A., Lear, T.L., Adelson, D.L. & Bailey, E. (2007) A chro-
mosome inversion near the KIT gene and the tobiano spot-
ting pattern in horses. Cytogenetic and Genome Research, 119, 
225– 230.

Capomaccio, S., Milanesi, M., Nocelli, C., Giontella, A., Verini- 
Supplizi, A., Branca, M. et al. (2017) Splicing site disruption in 
the KIT gene as strong candidate for white dominant phenotype 
in an Italian trotter. Animal Genetics, 48, 727– 728.

Cingolani, P., Platts, A., Wang le, L., Coon, M., Nguyen, T., Wang, 
L. et al. (2012) A program for annotating and predicting the ef-
fects of single nucleotide polymorphisms, SnpEff: SNPs in the 
genome of Drosophila melanogaster strain w1118; iso- 2; iso- 3. Fly 
(Austin), 6, 80– 92.

Danecek, P., Bonfield, J.K., Liddle, J., Marshall, J., Ohan, V., Pollard, 
M.O. et al. (2021) Twelve years of SAMtools and BCFtools. 
Gigascience, 10, giab008.

Dürig, N., Jude, R., Holl, H., Brooks, S.A., Lafayette, C., Jagannathan, 
V. et al. (2017) Whole genome sequencing reveals a novel deletion 
variant in the KIT gene in horses with white spotted coat colour 
phenotypes. Animal Genetics, 48, 483– 485.

Dürig, N., Jude, R., Jagannathan, V. & Leeb, T. (2017) A novel MITF 
variant in a white American Standardbred foal. Animal Genetics, 
48, 123– 124.

Esdaile, E., Till, B., Kallenberg, A., Fremeux, M., Bickel, L. & Bellone, 
R.R. (2022) A de novo missense mutation in KIT is responsible 
for dominant white spotting phenotype in a standardbred horse. 
Animal Genetics, 53, 534– 537.

Haase, B., Brooks, S.A., Schlumbaum, A., Azor, P.J., Bailey, E., 
Alaeddine, F. et al. (2007) Allelic heterogeneity at the equine 
KIT locus in dominant white (W) horses. PLoS Genetics, 3, 
e195.

Haase, B., Brooks, S.A., Tozaki, T., Burger, D., Poncet, P.A., Rieder, 
S. et al. (2009) Seven novel KIT mutations in horses with white 
coat colour phenotypes. Animal Genetics, 40, 623– 629.

Haase, B., Jagannathan, V., Rieder, S. & Leeb, T. (2015) A novel KIT 
variant in an Icelandic horse with white- spotted coat colour. 
Animal Genetics, 46, 466.

Haase, B., Signer- Hasler, H., Binns, M.M., Obexer- Ruff, G., 
Hauswirth, R., Bellone, R.R. et al. (2013) Accumulating muta-
tions in series of haplotypes at the KIT and MITF loci are major 
determinants of white markings in Franches- Montagnes horses. 
PLoS One, 8, e75071.

Hauswirth, R., Haase, B., Blatter, M., Brooks, S.A., Burger, D., 
Drogemuller, C. et al. (2012) Mutations in MITF and PAX3 
cause ‘splashed white’ and other white spotting phenotypes in 
horses. PLoS Genetics, 8, e1002653.

Hauswirth, R., Jude, R., Haase, B., Bellone, R.R., Archer, S., Holl, H. 
et al. (2013) Novel variants in the KIT and PAX3 genes in horses 
with white- spotted coat colour phenotypes. Animal Genetics, 44, 
763– 765.

Henkel, J., Lafayette, C., Brooks, S.A., Martin, K., Patterson- Rosa, 
L., Cook, D. et al. (2019) Whole- genome sequencing reveals a 
large deletion in the MITF gene in horses with white spotted 
coat colour and increased risk of deafness. Animal Genetics, 50, 
172– 174.

Holl, H.M., Brooks, S.A., Archer, S., Brown, K., Malvick, J., Penedo, 
M.C.T. et al. (2016) Variant in the RFWD3 gene associated 

762 |   BELLONE ET AL.

with PATN1, a modifier of leopard complex spotting. Animal 
Genetics, 47, 91– 101.

Holl, H.M., Brooks, S.A., Carpenter, M.L., Bustamante, C.D. & 
Lafayette, C. (2017) A novel splice mutation within equine KIT 
and the W15 allele in the homozygous state lead to all white coat 
color phenotypes. Animal Genetics, 48, 497– 498.

Hug, P., Jude, R., Henkel, J., Jagannathan, V. & Leeb, T. (2019) A 
novel KIT deletion variant in a German Riding Pony with white- 
spotting coat colour phenotype. Animal Genetics, 50, 761– 763.

Kingsley, N.B., Sandmeyer, L., Parker, S.E., Dwyer, A., Heden, S., 
Reilly, C. et al. (2022) Risk factors for insidious uveitis in the 
Knabstrupper breed. Equine Veterinary Journal, 55, 820– 830.

Layer, R.M., Chiang, C., Quinlan, A.R. & Hall, I.M. (2014) LUMPY: 
a probabilistic framework for structural variant discovery. 
Genome Biology, 15, R84.

Lecoq, L., Gains, M., Blond, L. & Parent, J. (2015) Brainstem audi-
tory evoked responses in foals: reference values, effect of age, 
rate of acoustic stimulation, and neurologic deficits. Journal of 
Veterinary Internal Medicine, 29, 362– 367.

Li, H. & Durbin, R. (2009) Fast and accurate short read alignment 
with Burrows- Wheeler transform. Bioinformatics, 25, 1754– 1760.

Mack, M., Kowalski, E., Grahn, R., Bras, D., Penedo, M.C.T. & 
Bellone, R. (2017) Two variants in SLC24A5 are associated with 
‘Tiger- eye’ iris pigmentation in Puerto Rican Paso Fino horses. 
G3 (Bethesda), 7, 2799– 2806.

Magdesian, K.G., Tanaka, J. & Bellone, R.R. (2020) A de novo 
MITF deletion explains a novel splashed white phenotype in an 
American Paint Horse. The Journal of Heredity, 111, 287– 293.

Magdesian, K.G., Williams, D.C., Aleman, M., Lecouteur, R.A. & 
Madigan, J.E. (2009) Evaluation of deafness in American Paint 
Horses by phenotype, brainstem auditory- evoked responses, 
and endothelin receptor B genotype. Journal of the American 
Veterinary Medical Association, 235, 1204– 1211.

Martin, K., Rosa, L.P., Vierra, M., Foster, G., Brooks, S.A. & 
Lafayette, C. (2021) De novo mutation of KIT causes exten-
sive coat white patterning in a family of Berber horses. Animal 
Genetics, 52, 135– 137.

Metallinos, D.L., Bowling, A.T. & Rine, J. (1998) A missense muta-
tion in the endothelin- B receptor gene is associated with Lethal 
White Foal Syndrome: an equine version of Hirschsprung dis-
ease. Mammalian Genome, 9, 426– 431.

Negro, S., Imsland, F., Valera, M., Molina, A., Sole, M. & Andersson, 
L. (2017) Association analysis of KIT, MITF, and PAX3 vari-
ants with white markings in Spanish horses. Animal Genetics, 48, 
349– 352.

Okonechnikov, K., Golosova, O., Fursov, M. & Ugene Team. 
(2012) Unipro UGENE: a unified bioinformatics toolkit. 
Bioinformatics, 28, 1166– 1167.

Rockwell, H., Mack, M., Famula, T., Sandmeyer, L., Bauer, B., Dwyer, 
A. et al. (2020) Genetic investigation of equine recurrent uveitis 
in appaloosa horses. Animal Genetics, 51, 111– 116.

Rosa, L.P., Martin, K., Vierra, M., Foster, G., Brooks, S.A. & 
Lafayette, C. (2022) Non- frameshift deletion on MITF is asso-
ciated with a novel splashed white spotting pattern in horses 
(Equus caballus). Animal Genetics, 53, 538– 540.

Rosa, L.P., Martin, K., Vierra, M., Lundquist, E., Foster, G., Brooks, 
S.A. et al. (2022) A KIT variant associated with increased white 
spotting epistatic to MC1R genotype in horses (Equus caballus). 
Animals, 12, 1958.

Sandmeyer, L.S., Kingsley, N.B., Walder, C., Archer, S., Leis, M.L., 
Bellone, R.R. et al. (2020) Risk factors for equine recurrent uve-
itis in a population of Appaloosa horses in western Canada. 
Veterinary Ophthalmology, 23, 515– 525.

Santschi, E.M., Vrotsos, P.D., Purdy, A.K. & Mickelson, J.R. (2001) 
Incidence of the endothelin receptor B mutation that causes le-
thal white foal syndrome in white- patterned horses. American 
Journal of Veterinary Research, 62, 97– 103.

Sponenberg, D.P. & Bellone, R. (2017) Equine color genetics. Hoboken, 
NJ: John Wiley & Sons, Inc.

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B.C., 
Remm, M. et al. (2012) Primer3— new capabilities and interfaces. 
Nucleic Acids Research, 40, e115.

Van der Auwera, G.A., Carneiro, M.O., Hartl, C., Poplin, R., Del 
Angel, G., Levy- Moonshine, A. et al. (2013) From FastQ data 
to high confidence variant calls: the genome analysis toolkit 
best practices pipeline. Current Protocols in Bioinformatics, 43, 
11.10.1– 11.10.33.

SU PPORT I NG I N FOR M AT ION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.

How to cite this article: Bellone, R.R., Tanaka, J., 
Esdaile, E., Sutton, R.B., Payette, F., Leduc, L. et al.  
(2023) A de novo 2.3 kb structural variant in MITF 
explains a novel splashed white phenotype in a 
Thoroughbred family. Animal Genetics, 54, 752–762. 
Available from: https://doi.org/10.1111/age.13352

Figure

Figure title

Figure details



752 |     Animal Genetics. 2023;54:752–762.wileyonlinelibrary.com/journal/age

INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.

Subsection

Section

Remember 

We use the information 
presented in the results 

as the outcome and 
findings of the paper.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 

754 |   BELLONE ET AL.

Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.
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Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 

R E S E A R C H  A R T I C L E

A de novo 2.3 kb structural variant in MITF explains a novel 
splashed white phenotype in a Thoroughbred family

R. R. Bellone1,2  |    J. Tanaka1 |    E. Esdaile1  |    R. B. Sutton3 |    F. Payette4 |   
L. Leduc4 |    B. J. Till1 |    A. K. Abdel- Ghaffar1 |    M. Hammond1,2 |    K. G. Magdesian5

Received: 12 July 2023 | Accepted: 19 August 2023

DOI: 10.1111/age.13352  

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Animal Genetics published by John Wiley & Sons Ltd on behalf of Stichting International Foundation for Animal Genetics.

1Veterinary Genetics Laboratory, School 
of Veterinary Medicine, UC Davis, Davis, 
California, USA
2Department of Population Health and 
Reproduction, School of Veterinary 
Medicine, UC Davis, Davis, California, 
USA
3Cell Physiology and Molecular Biophysics, 
School of Medicine, Texas Tech University 
Health Sciences Center, Lubbock, Texas, 
USA
4Department of Clinical Studies, New 
Bolton Center, University of Pennsylvania 
School of Veterinary Medicine, University 
School of Veterinary Medicine, University 
of Pennsylvania, Kennett Square, 
Pennsylvania, USA
5Department of Medicine and 
Epidemiology, School of Veterinary 
Medicine, University of California- Davis, 
Davis, California, USA

Correspondence
R. R. Bellone, Veterinary Genetics 
Laboratory, School of Veterinary 
Medicine, UC Davis, Davis, CA, USA.
Email: rbellone@ucdavis.edu

Funding information
UC Davis Veterinary Genetics Laboratory

Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 
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Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning

   | 753MITF VARIANT (SW8) IN A THOROUGHBRED FAMILY

horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.
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INTRODUCTION

Variation in white patterning has long fascinated animal 
enthusiasts and researchers alike. Moreover, some of 
these variations have a clinical connection and have sim-
ilar counterparts in humans or other species. In horses, 
several different types of white patterning phenotypes 

have been described including frame overo, tobiano, 
roan, leopard complex spotting, dominant white, sabino 
and splashed white (Sponenberg & Bellone,  2017). The 
molecular bases of many of these have been determined, 
with the first to be unraveled being the frame overo pat-
tern in which white patterning is prevalent on the ven-
tral aspects of the horse with the pigment ‘framing’ the 

R E S E A R C H  A R T I C L E

A de novo 2.3 kb structural variant in MITF explains a novel 
splashed white phenotype in a Thoroughbred family

R. R. Bellone1,2  |    J. Tanaka1 |    E. Esdaile1  |    R. B. Sutton3 |    F. Payette4 |   
L. Leduc4 |    B. J. Till1 |    A. K. Abdel- Ghaffar1 |    M. Hammond1,2 |    K. G. Magdesian5

Received: 12 July 2023 | Accepted: 19 August 2023

DOI: 10.1111/age.13352  

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Animal Genetics published by John Wiley & Sons Ltd on behalf of Stichting International Foundation for Animal Genetics.

1Veterinary Genetics Laboratory, School 
of Veterinary Medicine, UC Davis, Davis, 
California, USA
2Department of Population Health and 
Reproduction, School of Veterinary 
Medicine, UC Davis, Davis, California, 
USA
3Cell Physiology and Molecular Biophysics, 
School of Medicine, Texas Tech University 
Health Sciences Center, Lubbock, Texas, 
USA
4Department of Clinical Studies, New 
Bolton Center, University of Pennsylvania 
School of Veterinary Medicine, University 
School of Veterinary Medicine, University 
of Pennsylvania, Kennett Square, 
Pennsylvania, USA
5Department of Medicine and 
Epidemiology, School of Veterinary 
Medicine, University of California- Davis, 
Davis, California, USA

Correspondence
R. R. Bellone, Veterinary Genetics 
Laboratory, School of Veterinary 
Medicine, UC Davis, Davis, CA, USA.
Email: rbellone@ucdavis.edu

Funding information
UC Davis Veterinary Genetics Laboratory

Abstract
Splashed white in horses is characterized by extensive white patterning on the 
legs, face and abdomen and may be accompanied by deafness. To date, seven 
variants in microphthalmia- associated transcription factor (MITF) and two 
variants in Paired Box 3 (PAX3) have been identified to explain this phenotype. 
A splashed white Thoroughbred stallion, whose sire and dam were not 
patterned, was hypothesized to have a de novo variant leading to his white coat 
pattern. A whole- genome sequencing candidate gene approach identified two 
single nucleotide variants (SNVs) in SOX10, four SNVs in MITF and a 2.3 kb 
deletion in MITF with the alternative allele present in this stallion but absent 
in the other 18 horses analyzed. All six SNVs were annotated as modifiers and 
were not further considered. The deletion in MITF (NC_009159.3:g.21555811_
21558139delinsAAAT) encompasses exon 9 encoding a part of the helix– loop– 
helix domain required for DNA binding. Sanger sequencing and parentage 
testing confirmed that this deletion was a de novo mutation of maternal origin. 
Consistent with the published nomenclature, we denote this likely causal variant 
as SW8. Genotyping three of this stallion's offspring identified SW8 only in the 
nearly all- white foal that was confirmed deaf by brainstem auditory evoked 
response testing. This foal was also a compound heterozygote for dominant 
white variants (W20/W22), but to date, W variants alone have not been 
connected to deafness. SW8 marks the fourth de novo MITF variant in horses 
reported to cause white patterning. The link between deafness and all MITF 
variants with and without other variants impacting melanocyte development 
and function needs to be further explored.

K E Y W O R D S
coat color, deafness, horse, pigmentation, white patterning
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horse. This pattern is caused by a 2 bp semi- dominant 
substitution in the endothelin receptor B gene (EDNRB; 
Metallinos et al., 1998). Horses homozygous for this vari-
ant have an all-  or nearly all- white coat and die shortly 
after birth from aganglionosis, also known as overo le-
thal white foal syndrome, a condition similar to human 
Hirschsprung Disease (Metallinos et al., 1998; Santschi 
et al., 2001). According to one report, 91% of the horses 
that were deaf or suspected to be deaf had the EDNRB 
mutant allele (Magdesian et al., 2009). Thirty- four vari-
ants in or near KIT have been shown to cause a white coat 
pattern, referred to as dominant white, as many of these 
are also thought to be lethal in the homozygous condition 
(Capomaccio et al., 2017; Dürig, Jude, Holl, et al., 2017; 
Esdaile et al., 2022; Haase et al., 2007, 2009, 2015; Holl 
et al., 2017; Hug et al., 2019; Martin et al., 2021; Rosa, 
Martin, Vierra, Lundquist, et al., 2022). Additionally, an 
inversion thought to impact KIT gene expression causes 
the tobiano pattern, but there are no reported adverse 
health effects (Brooks et al., 2007). An intronic variant 
that alters splicing in this same gene causes a sabino 
pattern (SB1), white on the abdomen and high white on 
the legs, with homozygotes being almost all white (Avila 
et al., 2022; Brooks & Bailey, 2005). Variants in TRPM1 
and RFWD3 are involved in leopard complex spotting, a 
group of white spotting patterns that tend to be symmet-
rical and centered over the hips (Bellone et al., 2013; Holl 
et al., 2016). Horses homozygous for the 1378 bp insertion 
in TRPM1 have congenital stationary night blindness 
and are at risk for insidious uveitis (Bellone et al., 2013; 
Kingsley et al., 2022; Rockwell et al., 2020; Sandmeyer 
et al., 2020).

The splashed white pattern was named to describe 
horses that appear as if they have splashed around in 
white paint, with high levels of white patterning extending 
up the legs, extensive white on the face and white patches 
on the abdomen. To date, nine variants in two genes 
PAX3 and MITF are thought to cause this phenotype 
(Dürig, Jude, Holl, et al.,  2017; Hauswirth et al.,  2012, 
2013; Henkel et al., 2019; Magdesian et al., 2020; Rosa, 
Martin, Vierra, Foster, et al., 2022). The first splashed 
white variant identified was an 11 bp indel in the pro-
moter of MITF, which is predicted to impair the binding 
of its transcription factor PAX3 (Hauswirth et al., 2012). 
This variant has the widest breed distribution of all 
splashed- white variants to date (Avila et al., 2022). Since 
this promoter variant was among the first to be identi-
fied for the splashed white phenotype, it was described 
as SW1. Subsequently, the names of the splashed white 
variants were primarily described in the order of their 
identification (SW2– SW7), except for two MITF vari-
ants denoted as macchiato and MITF244Glu which re-
sult in a dilute coat and white spotting pattern and all 
white phenotype, respectively (Dürig, Jude, Jaganna-
than, & Leeb, 2017; Hauswirth et al., 2012, 2013; Henkel 
et al.,  2019; Magdesian et al.,  2020; Rosa, Martin, Vi-
erra, Foster, et al., 2022). SW2 and SW4 are caused by 

variants in PAX3, whereas SW3, SW5, SW6 and SW7 are 
all variants in MITF. Some horses with these splashed 
white phenotypes have been reported by their owners to 
be deaf, and in one case clinical testing was performed, 
but a thorough investigation of all variants causing these 
white patterns and the connection to deafness in all cases 
has not yet been performed (Blatter et al., 2013).

Here we investigate the molecular cause of a Thor-
oughbred horse with a splashed white phenotype, that 
consisted of a bald face (defined as a nearly all white 
face), complete heterochromia (left blue iris), extensive 
white on all four legs, and white patches on the abdomen 
(Figure 1). The horse's dam had no white coat pattern-
ing and its sire only had a white face marking and one 
leg marking, which are common among horses without 
white patterning. By using whole genome sequencing 
and a candidate gene approach, we aimed to determine 
if a de novo mutation caused this splashed white pattern.

M ETHODS

Samples and genetic testing

DNA from 10 horses from a single half- sibling family in-
cluding the stallion under investigation, his sire and dam 
and three available offspring (along with their dams) 
were isolated from whole blood or hair follicles using 
a Gentra Puregene DNA isolation kit as previously de-
scribed (Mack et al., 2017). Photographic records from 
each horse were evaluated to assign white patterning 
phenotypes. All samples were tested for all coat color 
loci routinely tested commercially at the University of 
California Davis Veterinary Genetics Laboratory, in-
cluding the 18 white pattern alleles (SW1– SW6, TO, W4/
W5/W10/W13/W20/W22, SB1, LWO, LP, PATN1 and 
Grey). Twenty- eight additional alleles in KIT (W1– W3, 
W6– W9, W11– W12, W14– W19, W21, W23– W27, W28 
and W30– W34) were also genotyped in the stallion of in-
terest as previously described (Esdaile et al., 2022). The 
VGL also performed routine parentage DNA testing to 
determine if the sire and dam qualify as parents of the 
horse under investigation (denoted also as ‘HUI’ in cor-
responding figures) and if this horse qualified as the sire 
of the offspring tested in the study.

Whole genome sequencing

Barcode- indexed sequencing libraries were generated 
from genomic DNA samples sheared on an E220 
Focused Ultrasonicator (Covaris); 10 ng of sheared 
DNA was converted to sequencing libraries using a 
Kapa High Throughput Library Preparation Kit (Kapa 
Biosystems- Roche). The libraries were amplified with 
four PCR cycles and analyzed with a Bioanalyzer 2100 
instrument (Agilent), quantified by fluorometry on a 
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Qubit instrument (LifeTechnologies) and combined in 
one pool at equimolar ratios. The pools were quantified 
by qPCR with a Kapa Library Quant kit (Kapa 
Biosystems- Roche) and the pool was sequenced on 
one lane of an Illumina NovaSeq 6000 (Illumina) with 
paired- end 150 bp reads for a target of 30× coverage per 

sample. Whole genome sequencing data generated from 
the horse under investigation was compared with similar 
data from 18 other horses from six breeds in which data 
were either publicly available or generated as described 
above for other projects. The library preparation and 
sequencing were conducted at the DNA Technologies 

F I G U R E  1  Novel splashed white phenotype in Thoroughbred stallion. (a) Sire of the horse under investigation displaying face marking and 
one leg marking common in many horses without white coat patterns. (b) Dam of the horse under investigation who did not have a white coat 
pattern or face and leg markings. (c– f) Male offspring of (a, b) displaying splashed white pattern denoted by bald face (e, f), extensive markings 
on the legs (c, d), and white patterning on the abdomen (d). White coat pattern was more extensive on the left side of the abdomen and face (d, f) 
as compared with the right (c, e), which is also consistent with his complete heterochromia (blue left iris, shown in f). Figures (c), (e) and (f) 
courtesy of Carolyn Simancik.
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and Expression Analysis Core at the UC Davis Genome 
Center, supported by NIH Shared Instrumentation Grant 
1S10OD010786- 01. Raw data from the Thoroughbred 
under investigation and one Appaloosa were deposited at 
the European Nucleotide Archive (ENA PRJEB61164). 
The 17 other samples were already submitted under ENA 
PRJEB36403 (one American Paint Horse), PRJEB28306 
(one Shetland pony), PRJEB36381 (one Tennessee 
Walking Horse), PRJEB36380 (four Friesians and four 
Haflingers) and PRJEB30871 (six Haflingers).

Sequencing data were processed utilizing the HT-
Stream pipeline (https://github.com/ibest/ HTStream) 
and were aligned to the reference assembly, EquCab3.0 
using the Burrows– Wheeler Aligner (Li & Durbin, 2009). 
Single nucleotide variants (SNVs) and small indels were 
called utilizing three variant callers: FREEBAYES (Garri-
son E. FreeBayes source repository; https://github.com/
ekg/freeb ayes), SAMTOOLS (Danecek et al.,  2021) and 
GATK Haplotype Caller (version 4.1.8.1; Van der Auw-
era et al.,  2013). For variant calling with GATK, best 
practices were used including tagging of duplicate reads 
using MarkDuplicates and the subsequent removal of 
duplicates (Van der Auwera et al.,  2013). Additionally, 
structural variants were called using Lumpy (Layer 
et al., 2014). All variants were annotated with SNPEFF ver-
sion 4.3t (Cingolani et al., 2012) using both the RefSeq and 
GenBank annotations for Equcab3.0. Similar to our in-
vestigation that identified SW6 (Magdesian et al., 2020), 
variants in eight candidate genes known to cause white 
spotting phenotypes in horses and other species, namely 
MITF, KIT, KITLG, PAX3, EDNRB, EDN3, SOX10 and 
TRPM1 were prioritized based on the de novo hypothe-
sis, i.e. heterozygous in the novel splashed white stallion 
but absent in 18 horses from six other breeds (American 
Paint Horse, Appaloosa, Haflinger, Tennessee Walking 
Horse, Shetland pony and Friesian). Single nucleotide 
variants called by all three callers were further evaluated 
and SNVs and structural variants unique to the stallion 
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

To validate the identified deletion, confirm breakpoints, 
genotype nine other animals from the half- sibling family 
and confirm a de novo mutation, primers were designed 
utilizing PRIMER3 web version 4.1.0 (Untergasser 
et al., 2012; Table S1). Polymerase chain reaction (PCR) 
was performed on all horses in the study using a total 
sample volume of 20 μL containing 2.5 pmol of each 
primer, 30 ng of DNA, 1× PCR buffer with 2.0 mM 
MgCl2, 1 mM dNTPs, and 1.0 unit of FastStart™ Taq 
DNA Polymerase (Roche Applied Science). The PCR 
products were visualized on a 1% agarose gel stained 
with ethidium bromide. Amplicons from the horse of 
interest and his sire and dam were sequenced to confirm 

deletion and determine the parent of origin. Amplicons 
were purified using ExoSAP- IT per the manufacturer's 
protocol (Applied Biosystems, Affymetric Inc.). 
The products were subsequently sequenced in 20 μL 
reactions using 1 μL of BigDye Terminator v3.1 and 
5 pmol of primer. The sequencing product was cleaned 
up using Performa Spin Columns (Edge BioSystems) and 
visualized with a ABI 3730 Genetic Analyzer (Applied 
Biosystems, ThermoFisher Scientific). Sequencing data 
were analyzed using Unipro UGENE v38.1 (Okonechnikov 
et al., 2012).

Protein modeling

To model the MITF protein, assuming the genomic 
variant detected still produces a protein, we used the 
wild- type protein sequence identified in Ensembl 
MITF transcript (ENSECAT00000070516) and applied 
RosettaFold (Baek et al.,  2021). Rather than comput-
ing an additional ab initio model for the presumed mu-
tant MITF, we used the wild- type model as a structural 
template for the mutant model. Since MITF contains 
multiple disordered loops, repeated structural models 
tend to appear as different structures owing to varia-
tions in loop modeling. By using the wild- type model, 
we ensured a consistent interpretation of the variant 
while minimizing confusion between the wild- type and 
mutant models.

Clinical examination of the deaf foal

A 5- day- old Thoroughbred colt (denoted offspring 
1 or ‘O- 1’), by the stallion under investigation (‘HUI’, 
Figure 2), presented to the New Bolton Center, Univer-
sity of Pennsylvania for suspected deafness based on 
absent response to auditory stimuli noted by the owner. 
A complete physical examination, including an oto-
scopic and ophthalmologic evaluations, was conducted 
along with blood testing that included complete blood 
count, serum biochemistry, serum IgG, fibrinogen and 
serum amyloid A. Brainstem auditory evoked response 
(BAER) testing was also performed on the colt and 
his dam using a commercial electrodiagnostic system 
(Cadwell Sierra II Wedge EMG System) and software 
(Cadwell Sierra XP) as previously described (Aleman 
et al., 2008, 2014; Lecoq et al., 2015). Briefly, the colt was 
lightly sedated using 0.06 mg/kg butorphanol tartrate 
(Torbugesic; Zoetis) intravenously. Disposable auditory 
transmitters (earphones) were placed in both ears and 
maintained in place using ear plugs. Subcutaneous nee-
dle electrodes were placed at the vertex (referential elec-
trode), bilateral mastoid processes (recording electrode) 
and poll (ground electrode). The BAER recordings 
were averaged from at least 400 responses over 10 ms 
after acoustic stimulation. An alternating broadband 
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click stimulus at 90 dB hearing level was applied to the 
studied ear at a 21.1 Hz rate, and a white noise- masking 
60 dB hearing level sound was applied to the contralat-
eral ear. Recordings were conducted for the vertex to 
ipsilateral mastoid deviation and were repeated two to 
three times for both ears.

RESU LTS

Testing known white variants

Genetic testing identified the base color of the stallion 
under investigation to be bay (A/A E/e) with no known 

F I G U R E  2  Pedigree and coat color genotypes for horses under investigation. Profile and close- ups of the face (if available) of horses 
from the family used in this study. Genotypes for relevant base coat color, dilutions (if present) and white spotting loci (ASIP and MC1R, 
SLC45A2, KIT and MITF) are presented. The de novo MITF structural variant identified here (denoted as SW8) was found in both the stallion 
under investigation (HUI) and one of his offspring with an all- white spotting pattern (O- 1). One mare (D- 1) and her offspring (O- 1) were also 
heterozygous for the cream dilution allele in SLC45A2; one copy of cream dilutes the pigment in the coat but does not cause white spotting.

TA B L E  1  Structural variants identified in candidate genes from horse of interest.

Gene ECA Position SV Length SnpEff predicated annotation Investigating all 19 samples

MITF 16 21555810 DEL 2329 High: exon_loss_variant
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

Only in HUI

KIT 3 79591009 DEL 575 Modifier: intron_variant Heterozygous in 19/19

TRPM1 1 109216072 DEL 3607 Modifier: upstream_gene_variant Heterozygous in 4/19 and 
homozygous alternate in 3/19

EDN3 22 46714600 DEL 402 Modifier: intergenic region Heterozygous in 8/19

Note: Presented are gene, chromosome (ECA) and position, type of structural variant (SV), length, predicted annotation and evaluation in 19 samples with whole 
genome sequencing data.
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dilution variants. The known white spotting variants 
tested in this study did not explain the stallion's unique 
pattern. Of the 46 white- producing/associated alleles 
screened, only W20 was present in the horse under in-
vestigation (N/W20), his sire, his two offspring without 
splashed- white coat patterning, and their dams (Fig-
ure  2). The nearly all white offspring by the stallion 
under investigation was a compound heterozygote for 
W22 and W20, having inherited W22 from his dam and 
W20 from the sire.

Variant identification and prioritization

Investigating the eight candidate genes for SNVs using 
three variant callers identified 35 variants present in 
the stallion but absent in the other 18 horses studied 
(Table S2). Only six of the SNVs identified were further 
considered as potential functional candidates since they 
were detected by all three callers. Four of the six were in 
MITF and two involved SOX10. All six were predicted 
by SnpEff to be modifiers and thus were not investigated 
further (Table S2).

Investigating the same candidate genes for struc-
tural variants identified four structural variants 
(SVs) in the novel splashed white stallion (Table  1). 
Only one of these, a 2.3 kb deletion in MITF 
(NC_009159.3:g.21555811_21558139delinsAAAT), was 
unique to the stallion in question and included parts of 
the coding sequence of this gene (Table  1, Figure  3a). 
The remaining three SVs were all predicted to be mod-
ifiers and were found in at least six other samples eval-
uated, thus negating them as the cause of the novel 
phenotype (Table  1). Sanger sequencing of the stallion 
under investigation and his sire and dam confirmed the 
breakpoints for the deletion in MITF and identified a 
SNV NC_009159.3:g.21555811C>A (rs1146654378) and 
insertion (AAT) at the breakpoint (Figure  3b,c). Fur-
thermore, the dam was homozygous for the A allele of 
rs1146654378 while the sire was homozygous for the C 
allele. Using allele- specific primers to amplify and se-
quence the ‘indel’ determined that the maternal ‘A’ allele 
was present on the strand of DNA with the 2.3 kb dele-
tion and 3 bp insertion while the reference ‘C’ allele was 
found on the paternal chromosome without the deletion, 
confirming that the de novo mutation was of maternal 
origin.

Protein modeling

According to the canonical Ensembl MITF transcript 
(ENSECAT00000070516), the identified deletion encom-
passes all of exon 9 and some of the flanking intron se-
quences. Assuming this would alter normal splicing and 
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position 

459 and truncate the protein after amino acid 482. If this 
assumption is correct, then based on protein modeling, 
this region includes the basic helix– loop– helix region 
(AA426- 479) and is therefore predicted to impact bind-
ing of this transcription factor to DNA (Figure 4). Fol-
lowing previous nomenclature schemes for the splashed 
white phenotype in horses, we have designated this novel 
variant as SW8.

Parentage testing other foals and mares

Parentage testing using 17 STRs confirmed that both the 
sire and dam of the horse under investigation qualified 
with zero mating exclusions. Since neither parent had the 
detected SV in MITF, parentage qualification provided 
additional evidence of a de novo mutation. To date, this 
stallion has produced three offspring (Figure  2), two 
who do not have a white pattern phenotype (O- 2 and O- 3 
in Figure 2) and a colt who is almost entirely white (O- 1). 
Testing these offspring and their dams, along with this 
stallion qualified the matings with zero exclusions and 
determined that only the offspring with the nearly all 
white pattern had the de novo SW8 deletion and was also 
a compound heterozygous for two KIT variants W20/
W22 (Figure 2 and Figure S1).

Evaluation of the deaf foal

This nearly all white colt also presented with suspected 
deafness. This colt had only a few pigmented hairs in his 
mane, and had bilateral blue irides (Figure  2: O- 1 and 
Figure 5c). On presentation, the colt had a normal general 
physical examination. No external congenital malforma-
tions were determined. Ophthalmologic and otoscopic 
examinations were within normal limits. Blood analysis 
results were all also within normal ranges. For both ears, 
there were no identifiable BAER peaks, which is consist-
ent with bilateral, complete hearing loss (Figure 5d). The 
qualified dam was tested as a healthy control in which 
normal tracings were obtained bilaterally (Figure 5a,b).

DISCUSSION

This novel splashed- white phenotype (Figure  1) was 
not explained by any of the known white spotting 
variants. The only known variant detected out of 
the 46 alleles screened was W20. W20 is a missense 
variant in the KIT gene (NC_009146.3: g.79548220C>T, 
ENSECAP00000011188.2:p.His794Arg) with a wide 
breed distribution that is thought to have a subtle 
impact on pigmentation, mostly related to white face 
and leg markings, unless combined with other variants 
(Avila et al., 2022; Dürig, Jude, Holl, et al., 2017; Haase 
et al., 2013; Negro et al., 2017). This is further supported 
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FIGURE 3 De novo structural variant in MITF of  maternal origin identified to cause splashed white phenotype in a Thoroughbred stallion. 
(a) Integrative genomics view (IGV) image of 2.3 kb structural variant (SV) identified in the horse of interest (HUI) but absent in 18 additional 
horses from six breeds including Shetland pony (SP) and Tennessee Walking Horse (TWH) represented here. Denoted are the coverage tracks (top 
track) and alignment of sequencing reads (bottom track). Also represented is Ensembl MITF transcript (ENSECAT00000070516) denoted in 
blue. The decrease in coverage corresponding to insert sizes larger than expected for aligned reads of HUI (red lines) corroborates the SV called by 
Lumpy. (b) Validation of the SV and breakpoints was determined by Sanger sequencing which confirmed a 2326 bp deletion and a 3 bp insertion. 
Displayed is the electropherogram denoting the breakpoints labeled by genomic position and the insertion of 3 bp highlighted in the red box. 
(c) Sanger sequencing also determined that the SV occurred on the maternal chromosome. Concerning rs1146654378 (denoted by * in b, c), the dam 
was homozygous for the A allele (green highlight) while the sire was homozygous for the C allele (yellow highlight). The chromosome with the SV 
had the maternal A allele while the chromosome without the deletion was inherited from the sire as evidenced by the C allele. Differences from the 
reference genome sequence (NC_009159.3) are denoted by green and red boxes and the deleted nucleotides are highlighted in orange.
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by photographic records and the genetic testing of 
the two foals who inherited the W20 allele and only 
have white face markings (O- 3) or white face and leg 
markings (O- 2). A more comprehensive investigation 
of the role of W20 in producing white face and leg 
markings is needed.

Using whole- genome sequencing and a candidate 
gene approach we identified a de novo variant, originat-
ing on the maternal chromosome, to cause a splashed 
white phenotype in horses, termed SW8. This 2.3 kb 
structural variant marks the fourth de novo MITF vari-
ant reported in horses to cause a white spotting pattern 
(Table  S3). However, this MITF de novo variant is the 
first in which parental chromosomal origin could be 
determined. Two additional reported de novo variants 
also involve exon 9, a missense variant (MITF244Glu) re-
ported to cause an all- white phenotype in a Standard-
bred (Dürig, Jude, Jagannathan, & Leeb, 2017) and an 
8.4 kb deletion encompassing both exon 9 and 10 and 
causing a similar phenotype (SW6) in an American 
Paint Horse (Magdesian et al.,  2020). Another vari-
ant (SW5) also involves exon 9 but its origin remains 
unknown, it is a 63.4 kb deletion spanning exons 7– 10 
and resulting in a splashed white phenotype in Ameri-
can Paint Horses (Henkel et al.,  2019). Assuming SW8 
causes splicing of exon 8 to exon 10, protein modeling 
suggests that SW8 deletes almost all of the C- terminal 
helix of the helix loop helix domain and thus is predicted 
to impact DNA binding. Five of the eight MITF vari-
ants reported to date were predicted to cause a white 
pattern phenotype by impacting the DNA binding ca-
pability and subsequently reducing the transcription of 
the targeted genes (Table S3). Only one of these, known 
as macchiato, was investigated by functional assays and 

was shown to have an 80% reduction in DNA binding 
activity as determined by electrophoretic mobility shift 
assays (Hauswirth et al., 2012). Therefore, it is necessary 
to determine if MITF protein is produced in all deletions 
identified in this gene and functional studies are needed 
to substantiate DNA binding and subsequent transcript 
reduction predictions.

Hereditary congenital sensorineural deafness was 
strongly suspected in the N/SW8 nearly all white 
colt based on the BAER testing results. Other causes 
of hearing deficits include neonatal isoerythroly-
sis, hypoxia, prematurity, gentamicin use, sepsis or 
other congenital/hereditary malformations (Aleman 
et al.,  2014, 2021). Based on the patient's signalment, 
history and physical examination, these other causes 
were deemed unlikely. The colt was also a com-
pound heterozygote for two dominant white variants 
(W22/W20). W22 is a 1.9 kb deletion in the KIT gene 
(NC_009146.3:g.79548925_79550822del1898insTATAT 
p.Glu510_Gly659del) predicted to truncate the protein 
resulting in a loss of function and embryonic lethality 
when homozygous. The W22 allele is believed to have 
occurred on a background of W20 (Dürig, Jude, Holl, 
et al., 2017). As such, horses reported as W22/W20 are 
understood to be heterozygous for W22 and homozy-
gous for W20. Horses with one copy of W22 range in 
phenotype from extensive white on the face and legs to 
white also on the abdomen with compound heterozy-
gotes (W22/W20) reported as an all- white phenotype 
(Dürig, Jude, Holl, et al.,  2017). To our knowledge, 
deafness has not been reported or evaluated in horses 
with only the dominant white phenotype. In one study, 
horses with both SW5 and W20 were listed as deaf but 
clinical confirmation was not described in that study 

F I G U R E  4  RosettaFold model of 
equine MITF (predicted protein encoded 
by ENSECAT00000070516). (a) Wild- type 
MITF highlighting the consensus DNA 
interacting helix loop helix domain of this 
transcription factor (red). (b) Predicted 
effect of the 2.3 kb deletion identified in 
this study. The deletion encompasses all of 
exon 9. Thus, the deletion is predicted to 
cause a frame shift and alter amino acid 
sequence after position 459 and truncate 
the protein after amino acid 482, therefore 
deleting almost all of the C terminal helix 
of the DNA interacting domain of this 
transcription factor.
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(Henkel et al., 2019). It is unknown if SW8 alone can 
cause deafness or if the combination of white pattern-
ing alleles resulted in the complete absence of melano-
cytes in the cochleae leading to deafness in this case. 
The only other horse known to date with SW8 is the 
stallion in which the de novo SW8 variant originated. 
While that stallion was not available for BAER exam-
ination in this study, the owner reported that he showed 
no overt evidence of deafness. Previous research has 
shown that 91% of BAER confirmed or owner- reported 
deaf horses had the frame overo allele while the remain-
ing 9% had a splashed white, overo or tovero pheno-
type (Magdesian et al., 2009). While a comprehensive 
study on white patterning alleles and deafness has not 
yet been performed, recent studies have identified one 
SW2 homozygote, six SW5 heterozygotes and one SW1/

SW7 compound heterozygote as deaf. Still clinical 
BAER phenotyping for deafness was not reported for 
these cases (Avila et al., 2022; Henkel et al., 2019; Rosa, 
Martin, Vierra, Foster, et al., 2022). Until the present 
study, the MITF de novo variant in a dilute splashed 
white Franches- Montagnes horse was the only horse 
with a MITF variant confirmed deaf by BAER testing 
(Blatter et al., 2013; Hauswirth et al., 2012). Additional 
work is needed to determine the risk of deafness for all 
known MITF variants alone and in combination with 
other white patterning alleles.

In conclusion, this is the first study to identify the 
parental origin of one of the four known de novo MITF 
variants reported in the horse and clinically confirm 
deafness in one horse with the variant. It also illustrates 
the importance of investigating clinical phenotypes 

F I G U R E  5  Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) Dam of horse in (c) with a dominant 
white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all- white horse with bilateral blue irides who is 
an offspring (O- 1) of stallion under investigation and dam in (a). Foal had an abnormal BAER testing consistent with complete loss of auditory 
function, suggesting hereditary congenital sensorineural deafness (d). This horse inherited SW8 and W20 from the sire and W22 from the dam. 
It is unknown if SW8 alone causes deafness or if hearing loss is a result of multiple variants affecting pigmentation.
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when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.

ACK NO W LE DGE M EN TS
We acknowledge The Jockey Club for photographic re-
cords and for granting permission to use Thoroughbred 
samples banked at the UC Davis Veterinary Genetics 
Laboratory in this study. We also graciously acknowl-
edge the owners who provided photographs and whose 
participation made this study possible.

F U N DI NG I N FOR M AT ION
Funding for the study was provided by the UC Davis 
Veterinary Genetics Laboratory.

CON F LICT OF I N T ER E ST STAT EM EN T
R.R. Bellone, E. Esdaile, B. Till, A.K. Abdel- Ghaffar, 
and M. Hammond are affiliated with the UC Davis Vet-
erinary Genetics Laboratory, which provides genetic di-
agnostic tests in horses and other species.

DATA AVA I LA BI LI T Y STAT EM EN T
Data for this publication is deposited at the European 
Nucleotide Archive under PRJEB61164, PRJEB36403, 
PRJEB28306, PRJEB36381, PRJEB36380, and 
PRJEB30871.

A N I M A L CONSEN T
The owners of horses in the study or representatives of 
the Jockey Club gave expressed written consent for par-
ticipation or use of samples in this study.

ORCI D
R. R. Bellone   https://orcid.org/0000-0001-8838-7227 
E. Esdaile   https://orcid.org/0000-0001-6238-9793 

R E F E R E NC E S
Aleman, M., Madigan, J.E., Williams, D.C. & Holliday, T.A. (2014) 

Brainstem auditory evoked responses in an equine patient pop-
ulation. Part II: foals. Journal of Veterinary Internal Medicine, 
28, 1318– 1324.

Aleman, M., Puchalski, S.M., Williams, D.C., Kass, P.H. & Holliday, 
T.A. (2008) Brainstem auditory- evoked responses in horses with 
temporohyoid osteoarthropathy. Journal of Veterinary Internal 
Medicine, 22, 1196– 1202.

Aleman, M.R., True, A., Scalco, R., Crowe, C.M., Costa, L.R.R. & 
Chigerwe, M. (2021) Gentamicin- induced sensorineural audi-
tory loss in healthy adult horses. Journal of Veterinary Internal 
Medicine, 35(5), 2486– 2494.

Avila, F., Hughes, S.S., Magdesian, K.G., Penedo, M.C.T. & Bellone, 
R.R. (2022) Breed distribution and allele frequencies of base coat 
color, dilution, and white patterning variants across 28 horse 
breeds. Genes, 13, 1641.

Baek, M., DiMaio, F., Anishchenko, I., Dauparas, J., Ovchinnikov, S., 
Lee, G.R. et al. (2021) Accurate prediction of protein structures 
and interactions using a three- track neural network. Science, 
373, 871– 876.

Bellone, R.R., Holl, H., Setaluri, V., Devi, S., Maddodi, N., Archer, 
S. et al. (2013) Evidence for a retroviral insertion in TRPM1 as 
the cause of congenital stationary night blindness and leopard 
complex spotting in the horse. PLoS One, 8, e78280.

Blatter, M., Haase, B., Gerber, V., Poncet, P.A., Leeb, T., Rieder, S. 
et al. (2013) Clinical evaluation of the new coat colour macchi-
ato in a male Franches- Montagnes horse. Schweizer Archiv für 
Tierheilkunde, 155, 229– 232.

Brooks, S.A. & Bailey, E. (2005) Exon skipping in the KIT gene causes 
a Sabino spotting pattern in horses. Mammalian Genome, 16, 
893– 902.

Brooks, S.A., Lear, T.L., Adelson, D.L. & Bailey, E. (2007) A chro-
mosome inversion near the KIT gene and the tobiano spot-
ting pattern in horses. Cytogenetic and Genome Research, 119, 
225– 230.

Capomaccio, S., Milanesi, M., Nocelli, C., Giontella, A., Verini- 
Supplizi, A., Branca, M. et al. (2017) Splicing site disruption in 
the KIT gene as strong candidate for white dominant phenotype 
in an Italian trotter. Animal Genetics, 48, 727– 728.

Cingolani, P., Platts, A., Wang le, L., Coon, M., Nguyen, T., Wang, 
L. et al. (2012) A program for annotating and predicting the ef-
fects of single nucleotide polymorphisms, SnpEff: SNPs in the 
genome of Drosophila melanogaster strain w1118; iso- 2; iso- 3. Fly 
(Austin), 6, 80– 92.

Danecek, P., Bonfield, J.K., Liddle, J., Marshall, J., Ohan, V., Pollard, 
M.O. et al. (2021) Twelve years of SAMtools and BCFtools. 
Gigascience, 10, giab008.

Dürig, N., Jude, R., Holl, H., Brooks, S.A., Lafayette, C., Jagannathan, 
V. et al. (2017) Whole genome sequencing reveals a novel deletion 
variant in the KIT gene in horses with white spotted coat colour 
phenotypes. Animal Genetics, 48, 483– 485.

Dürig, N., Jude, R., Jagannathan, V. & Leeb, T. (2017) A novel MITF 
variant in a white American Standardbred foal. Animal Genetics, 
48, 123– 124.

Esdaile, E., Till, B., Kallenberg, A., Fremeux, M., Bickel, L. & Bellone, 
R.R. (2022) A de novo missense mutation in KIT is responsible 
for dominant white spotting phenotype in a standardbred horse. 
Animal Genetics, 53, 534– 537.

Haase, B., Brooks, S.A., Schlumbaum, A., Azor, P.J., Bailey, E., 
Alaeddine, F. et al. (2007) Allelic heterogeneity at the equine 
KIT locus in dominant white (W) horses. PLoS Genetics, 3, 
e195.

Haase, B., Brooks, S.A., Tozaki, T., Burger, D., Poncet, P.A., Rieder, 
S. et al. (2009) Seven novel KIT mutations in horses with white 
coat colour phenotypes. Animal Genetics, 40, 623– 629.

Haase, B., Jagannathan, V., Rieder, S. & Leeb, T. (2015) A novel KIT 
variant in an Icelandic horse with white- spotted coat colour. 
Animal Genetics, 46, 466.

Haase, B., Signer- Hasler, H., Binns, M.M., Obexer- Ruff, G., 
Hauswirth, R., Bellone, R.R. et al. (2013) Accumulating muta-
tions in series of haplotypes at the KIT and MITF loci are major 
determinants of white markings in Franches- Montagnes horses. 
PLoS One, 8, e75071.

Hauswirth, R., Haase, B., Blatter, M., Brooks, S.A., Burger, D., 
Drogemuller, C. et al. (2012) Mutations in MITF and PAX3 
cause ‘splashed white’ and other white spotting phenotypes in 
horses. PLoS Genetics, 8, e1002653.

Hauswirth, R., Jude, R., Haase, B., Bellone, R.R., Archer, S., Holl, H. 
et al. (2013) Novel variants in the KIT and PAX3 genes in horses 
with white- spotted coat colour phenotypes. Animal Genetics, 44, 
763– 765.

Henkel, J., Lafayette, C., Brooks, S.A., Martin, K., Patterson- Rosa, 
L., Cook, D. et al. (2019) Whole- genome sequencing reveals a 
large deletion in the MITF gene in horses with white spotted 
coat colour and increased risk of deafness. Animal Genetics, 50, 
172– 174.

Holl, H.M., Brooks, S.A., Archer, S., Brown, K., Malvick, J., Penedo, 
M.C.T. et al. (2016) Variant in the RFWD3 gene associated 

762 |   BELLONE ET AL.

with PATN1, a modifier of leopard complex spotting. Animal 
Genetics, 47, 91– 101.

Holl, H.M., Brooks, S.A., Carpenter, M.L., Bustamante, C.D. & 
Lafayette, C. (2017) A novel splice mutation within equine KIT 
and the W15 allele in the homozygous state lead to all white coat 
color phenotypes. Animal Genetics, 48, 497– 498.

Hug, P., Jude, R., Henkel, J., Jagannathan, V. & Leeb, T. (2019) A 
novel KIT deletion variant in a German Riding Pony with white- 
spotting coat colour phenotype. Animal Genetics, 50, 761– 763.

Kingsley, N.B., Sandmeyer, L., Parker, S.E., Dwyer, A., Heden, S., 
Reilly, C. et al. (2022) Risk factors for insidious uveitis in the 
Knabstrupper breed. Equine Veterinary Journal, 55, 820– 830.

Layer, R.M., Chiang, C., Quinlan, A.R. & Hall, I.M. (2014) LUMPY: 
a probabilistic framework for structural variant discovery. 
Genome Biology, 15, R84.

Lecoq, L., Gains, M., Blond, L. & Parent, J. (2015) Brainstem audi-
tory evoked responses in foals: reference values, effect of age, 
rate of acoustic stimulation, and neurologic deficits. Journal of 
Veterinary Internal Medicine, 29, 362– 367.

Li, H. & Durbin, R. (2009) Fast and accurate short read alignment 
with Burrows- Wheeler transform. Bioinformatics, 25, 1754– 1760.

Mack, M., Kowalski, E., Grahn, R., Bras, D., Penedo, M.C.T. & 
Bellone, R. (2017) Two variants in SLC24A5 are associated with 
‘Tiger- eye’ iris pigmentation in Puerto Rican Paso Fino horses. 
G3 (Bethesda), 7, 2799– 2806.

Magdesian, K.G., Tanaka, J. & Bellone, R.R. (2020) A de novo 
MITF deletion explains a novel splashed white phenotype in an 
American Paint Horse. The Journal of Heredity, 111, 287– 293.

Magdesian, K.G., Williams, D.C., Aleman, M., Lecouteur, R.A. & 
Madigan, J.E. (2009) Evaluation of deafness in American Paint 
Horses by phenotype, brainstem auditory- evoked responses, 
and endothelin receptor B genotype. Journal of the American 
Veterinary Medical Association, 235, 1204– 1211.

Martin, K., Rosa, L.P., Vierra, M., Foster, G., Brooks, S.A. & 
Lafayette, C. (2021) De novo mutation of KIT causes exten-
sive coat white patterning in a family of Berber horses. Animal 
Genetics, 52, 135– 137.

Metallinos, D.L., Bowling, A.T. & Rine, J. (1998) A missense muta-
tion in the endothelin- B receptor gene is associated with Lethal 
White Foal Syndrome: an equine version of Hirschsprung dis-
ease. Mammalian Genome, 9, 426– 431.

Negro, S., Imsland, F., Valera, M., Molina, A., Sole, M. & Andersson, 
L. (2017) Association analysis of KIT, MITF, and PAX3 vari-
ants with white markings in Spanish horses. Animal Genetics, 48, 
349– 352.

Okonechnikov, K., Golosova, O., Fursov, M. & Ugene Team. 
(2012) Unipro UGENE: a unified bioinformatics toolkit. 
Bioinformatics, 28, 1166– 1167.

Rockwell, H., Mack, M., Famula, T., Sandmeyer, L., Bauer, B., Dwyer, 
A. et al. (2020) Genetic investigation of equine recurrent uveitis 
in appaloosa horses. Animal Genetics, 51, 111– 116.

Rosa, L.P., Martin, K., Vierra, M., Foster, G., Brooks, S.A. & 
Lafayette, C. (2022) Non- frameshift deletion on MITF is asso-
ciated with a novel splashed white spotting pattern in horses 
(Equus caballus). Animal Genetics, 53, 538– 540.

Rosa, L.P., Martin, K., Vierra, M., Lundquist, E., Foster, G., Brooks, 
S.A. et al. (2022) A KIT variant associated with increased white 
spotting epistatic to MC1R genotype in horses (Equus caballus). 
Animals, 12, 1958.

Sandmeyer, L.S., Kingsley, N.B., Walder, C., Archer, S., Leis, M.L., 
Bellone, R.R. et al. (2020) Risk factors for equine recurrent uve-
itis in a population of Appaloosa horses in western Canada. 
Veterinary Ophthalmology, 23, 515– 525.

Santschi, E.M., Vrotsos, P.D., Purdy, A.K. & Mickelson, J.R. (2001) 
Incidence of the endothelin receptor B mutation that causes le-
thal white foal syndrome in white- patterned horses. American 
Journal of Veterinary Research, 62, 97– 103.

Sponenberg, D.P. & Bellone, R. (2017) Equine color genetics. Hoboken, 
NJ: John Wiley & Sons, Inc.

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B.C., 
Remm, M. et al. (2012) Primer3— new capabilities and interfaces. 
Nucleic Acids Research, 40, e115.

Van der Auwera, G.A., Carneiro, M.O., Hartl, C., Poplin, R., Del 
Angel, G., Levy- Moonshine, A. et al. (2013) From FastQ data 
to high confidence variant calls: the genome analysis toolkit 
best practices pipeline. Current Protocols in Bioinformatics, 43, 
11.10.1– 11.10.33.

SU PPORT I NG I N FOR M AT ION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.

How to cite this article: Bellone, R.R., Tanaka, J., 
Esdaile, E., Sutton, R.B., Payette, F., Leduc, L. et al.  
(2023) A de novo 2.3 kb structural variant in MITF 
explains a novel splashed white phenotype in a 
Thoroughbred family. Animal Genetics, 54, 752–762. 
Available from: https://doi.org/10.1111/age.13352

Funding

Acknowledgements

Conflict of interest

Data used

Ethics statement

Digital author identifier



   | 761MITF VARIANT (SW8) IN A THOROUGHBRED FAMILY

when novel pigmentation variants are discovered and 
necessitating additional work to evaluate deafness in 
additional splashed white horses with and without 
other variants known to impact melanocyte prolifera-
tion, migration and function.

ACK NO W LE DGE M EN TS
We acknowledge The Jockey Club for photographic re-
cords and for granting permission to use Thoroughbred 
samples banked at the UC Davis Veterinary Genetics 
Laboratory in this study. We also graciously acknowl-
edge the owners who provided photographs and whose 
participation made this study possible.

F U N DI NG I N FOR M AT ION
Funding for the study was provided by the UC Davis 
Veterinary Genetics Laboratory.

CON F LICT OF I N T ER E ST STAT EM EN T
R.R. Bellone, E. Esdaile, B. Till, A.K. Abdel- Ghaffar, 
and M. Hammond are affiliated with the UC Davis Vet-
erinary Genetics Laboratory, which provides genetic di-
agnostic tests in horses and other species.

DATA AVA I LA BI LI T Y STAT EM EN T
Data for this publication is deposited at the European 
Nucleotide Archive under PRJEB61164, PRJEB36403, 
PRJEB28306, PRJEB36381, PRJEB36380, and 
PRJEB30871.

A N I M A L CONSEN T
The owners of horses in the study or representatives of 
the Jockey Club gave expressed written consent for par-
ticipation or use of samples in this study.

ORCI D
R. R. Bellone   https://orcid.org/0000-0001-8838-7227 
E. Esdaile   https://orcid.org/0000-0001-6238-9793 

R E F E R E NC E S
Aleman, M., Madigan, J.E., Williams, D.C. & Holliday, T.A. (2014) 

Brainstem auditory evoked responses in an equine patient pop-
ulation. Part II: foals. Journal of Veterinary Internal Medicine, 
28, 1318– 1324.

Aleman, M., Puchalski, S.M., Williams, D.C., Kass, P.H. & Holliday, 
T.A. (2008) Brainstem auditory- evoked responses in horses with 
temporohyoid osteoarthropathy. Journal of Veterinary Internal 
Medicine, 22, 1196– 1202.

Aleman, M.R., True, A., Scalco, R., Crowe, C.M., Costa, L.R.R. & 
Chigerwe, M. (2021) Gentamicin- induced sensorineural audi-
tory loss in healthy adult horses. Journal of Veterinary Internal 
Medicine, 35(5), 2486– 2494.

Avila, F., Hughes, S.S., Magdesian, K.G., Penedo, M.C.T. & Bellone, 
R.R. (2022) Breed distribution and allele frequencies of base coat 
color, dilution, and white patterning variants across 28 horse 
breeds. Genes, 13, 1641.

Baek, M., DiMaio, F., Anishchenko, I., Dauparas, J., Ovchinnikov, S., 
Lee, G.R. et al. (2021) Accurate prediction of protein structures 
and interactions using a three- track neural network. Science, 
373, 871– 876.

Bellone, R.R., Holl, H., Setaluri, V., Devi, S., Maddodi, N., Archer, 
S. et al. (2013) Evidence for a retroviral insertion in TRPM1 as 
the cause of congenital stationary night blindness and leopard 
complex spotting in the horse. PLoS One, 8, e78280.

Blatter, M., Haase, B., Gerber, V., Poncet, P.A., Leeb, T., Rieder, S. 
et al. (2013) Clinical evaluation of the new coat colour macchi-
ato in a male Franches- Montagnes horse. Schweizer Archiv für 
Tierheilkunde, 155, 229– 232.

Brooks, S.A. & Bailey, E. (2005) Exon skipping in the KIT gene causes 
a Sabino spotting pattern in horses. Mammalian Genome, 16, 
893– 902.

Brooks, S.A., Lear, T.L., Adelson, D.L. & Bailey, E. (2007) A chro-
mosome inversion near the KIT gene and the tobiano spot-
ting pattern in horses. Cytogenetic and Genome Research, 119, 
225– 230.

Capomaccio, S., Milanesi, M., Nocelli, C., Giontella, A., Verini- 
Supplizi, A., Branca, M. et al. (2017) Splicing site disruption in 
the KIT gene as strong candidate for white dominant phenotype 
in an Italian trotter. Animal Genetics, 48, 727– 728.

Cingolani, P., Platts, A., Wang le, L., Coon, M., Nguyen, T., Wang, 
L. et al. (2012) A program for annotating and predicting the ef-
fects of single nucleotide polymorphisms, SnpEff: SNPs in the 
genome of Drosophila melanogaster strain w1118; iso- 2; iso- 3. Fly 
(Austin), 6, 80– 92.

Danecek, P., Bonfield, J.K., Liddle, J., Marshall, J., Ohan, V., Pollard, 
M.O. et al. (2021) Twelve years of SAMtools and BCFtools. 
Gigascience, 10, giab008.

Dürig, N., Jude, R., Holl, H., Brooks, S.A., Lafayette, C., Jagannathan, 
V. et al. (2017) Whole genome sequencing reveals a novel deletion 
variant in the KIT gene in horses with white spotted coat colour 
phenotypes. Animal Genetics, 48, 483– 485.

Dürig, N., Jude, R., Jagannathan, V. & Leeb, T. (2017) A novel MITF 
variant in a white American Standardbred foal. Animal Genetics, 
48, 123– 124.

Esdaile, E., Till, B., Kallenberg, A., Fremeux, M., Bickel, L. & Bellone, 
R.R. (2022) A de novo missense mutation in KIT is responsible 
for dominant white spotting phenotype in a standardbred horse. 
Animal Genetics, 53, 534– 537.

Haase, B., Brooks, S.A., Schlumbaum, A., Azor, P.J., Bailey, E., 
Alaeddine, F. et al. (2007) Allelic heterogeneity at the equine 
KIT locus in dominant white (W) horses. PLoS Genetics, 3, 
e195.

Haase, B., Brooks, S.A., Tozaki, T., Burger, D., Poncet, P.A., Rieder, 
S. et al. (2009) Seven novel KIT mutations in horses with white 
coat colour phenotypes. Animal Genetics, 40, 623– 629.

Haase, B., Jagannathan, V., Rieder, S. & Leeb, T. (2015) A novel KIT 
variant in an Icelandic horse with white- spotted coat colour. 
Animal Genetics, 46, 466.

Haase, B., Signer- Hasler, H., Binns, M.M., Obexer- Ruff, G., 
Hauswirth, R., Bellone, R.R. et al. (2013) Accumulating muta-
tions in series of haplotypes at the KIT and MITF loci are major 
determinants of white markings in Franches- Montagnes horses. 
PLoS One, 8, e75071.

Hauswirth, R., Haase, B., Blatter, M., Brooks, S.A., Burger, D., 
Drogemuller, C. et al. (2012) Mutations in MITF and PAX3 
cause ‘splashed white’ and other white spotting phenotypes in 
horses. PLoS Genetics, 8, e1002653.

Hauswirth, R., Jude, R., Haase, B., Bellone, R.R., Archer, S., Holl, H. 
et al. (2013) Novel variants in the KIT and PAX3 genes in horses 
with white- spotted coat colour phenotypes. Animal Genetics, 44, 
763– 765.

Henkel, J., Lafayette, C., Brooks, S.A., Martin, K., Patterson- Rosa, 
L., Cook, D. et al. (2019) Whole- genome sequencing reveals a 
large deletion in the MITF gene in horses with white spotted 
coat colour and increased risk of deafness. Animal Genetics, 50, 
172– 174.

Holl, H.M., Brooks, S.A., Archer, S., Brown, K., Malvick, J., Penedo, 
M.C.T. et al. (2016) Variant in the RFWD3 gene associated 

Section

References are written 
in the style of the 

journal 

References are very 
specific and often 
primary literature



762 |   BELLONE ET AL.

with PATN1, a modifier of leopard complex spotting. Animal 
Genetics, 47, 91– 101.

Holl, H.M., Brooks, S.A., Carpenter, M.L., Bustamante, C.D. & 
Lafayette, C. (2017) A novel splice mutation within equine KIT 
and the W15 allele in the homozygous state lead to all white coat 
color phenotypes. Animal Genetics, 48, 497– 498.

Hug, P., Jude, R., Henkel, J., Jagannathan, V. & Leeb, T. (2019) A 
novel KIT deletion variant in a German Riding Pony with white- 
spotting coat colour phenotype. Animal Genetics, 50, 761– 763.

Kingsley, N.B., Sandmeyer, L., Parker, S.E., Dwyer, A., Heden, S., 
Reilly, C. et al. (2022) Risk factors for insidious uveitis in the 
Knabstrupper breed. Equine Veterinary Journal, 55, 820– 830.

Layer, R.M., Chiang, C., Quinlan, A.R. & Hall, I.M. (2014) LUMPY: 
a probabilistic framework for structural variant discovery. 
Genome Biology, 15, R84.

Lecoq, L., Gains, M., Blond, L. & Parent, J. (2015) Brainstem audi-
tory evoked responses in foals: reference values, effect of age, 
rate of acoustic stimulation, and neurologic deficits. Journal of 
Veterinary Internal Medicine, 29, 362– 367.

Li, H. & Durbin, R. (2009) Fast and accurate short read alignment 
with Burrows- Wheeler transform. Bioinformatics, 25, 1754– 1760.

Mack, M., Kowalski, E., Grahn, R., Bras, D., Penedo, M.C.T. & 
Bellone, R. (2017) Two variants in SLC24A5 are associated with 
‘Tiger- eye’ iris pigmentation in Puerto Rican Paso Fino horses. 
G3 (Bethesda), 7, 2799– 2806.

Magdesian, K.G., Tanaka, J. & Bellone, R.R. (2020) A de novo 
MITF deletion explains a novel splashed white phenotype in an 
American Paint Horse. The Journal of Heredity, 111, 287– 293.

Magdesian, K.G., Williams, D.C., Aleman, M., Lecouteur, R.A. & 
Madigan, J.E. (2009) Evaluation of deafness in American Paint 
Horses by phenotype, brainstem auditory- evoked responses, 
and endothelin receptor B genotype. Journal of the American 
Veterinary Medical Association, 235, 1204– 1211.

Martin, K., Rosa, L.P., Vierra, M., Foster, G., Brooks, S.A. & 
Lafayette, C. (2021) De novo mutation of KIT causes exten-
sive coat white patterning in a family of Berber horses. Animal 
Genetics, 52, 135– 137.

Metallinos, D.L., Bowling, A.T. & Rine, J. (1998) A missense muta-
tion in the endothelin- B receptor gene is associated with Lethal 
White Foal Syndrome: an equine version of Hirschsprung dis-
ease. Mammalian Genome, 9, 426– 431.

Negro, S., Imsland, F., Valera, M., Molina, A., Sole, M. & Andersson, 
L. (2017) Association analysis of KIT, MITF, and PAX3 vari-
ants with white markings in Spanish horses. Animal Genetics, 48, 
349– 352.

Okonechnikov, K., Golosova, O., Fursov, M. & Ugene Team. 
(2012) Unipro UGENE: a unified bioinformatics toolkit. 
Bioinformatics, 28, 1166– 1167.

Rockwell, H., Mack, M., Famula, T., Sandmeyer, L., Bauer, B., Dwyer, 
A. et al. (2020) Genetic investigation of equine recurrent uveitis 
in appaloosa horses. Animal Genetics, 51, 111– 116.

Rosa, L.P., Martin, K., Vierra, M., Foster, G., Brooks, S.A. & 
Lafayette, C. (2022) Non- frameshift deletion on MITF is asso-
ciated with a novel splashed white spotting pattern in horses 
(Equus caballus). Animal Genetics, 53, 538– 540.

Rosa, L.P., Martin, K., Vierra, M., Lundquist, E., Foster, G., Brooks, 
S.A. et al. (2022) A KIT variant associated with increased white 
spotting epistatic to MC1R genotype in horses (Equus caballus). 
Animals, 12, 1958.

Sandmeyer, L.S., Kingsley, N.B., Walder, C., Archer, S., Leis, M.L., 
Bellone, R.R. et al. (2020) Risk factors for equine recurrent uve-
itis in a population of Appaloosa horses in western Canada. 
Veterinary Ophthalmology, 23, 515– 525.

Santschi, E.M., Vrotsos, P.D., Purdy, A.K. & Mickelson, J.R. (2001) 
Incidence of the endothelin receptor B mutation that causes le-
thal white foal syndrome in white- patterned horses. American 
Journal of Veterinary Research, 62, 97– 103.

Sponenberg, D.P. & Bellone, R. (2017) Equine color genetics. Hoboken, 
NJ: John Wiley & Sons, Inc.

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B.C., 
Remm, M. et al. (2012) Primer3— new capabilities and interfaces. 
Nucleic Acids Research, 40, e115.

Van der Auwera, G.A., Carneiro, M.O., Hartl, C., Poplin, R., Del 
Angel, G., Levy- Moonshine, A. et al. (2013) From FastQ data 
to high confidence variant calls: the genome analysis toolkit 
best practices pipeline. Current Protocols in Bioinformatics, 43, 
11.10.1– 11.10.33.

SU PPORT I NG I N FOR M AT ION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.

How to cite this article: Bellone, R.R., Tanaka, J., 
Esdaile, E., Sutton, R.B., Payette, F., Leduc, L. et al.  
(2023) A de novo 2.3 kb structural variant in MITF 
explains a novel splashed white phenotype in a 
Thoroughbred family. Animal Genetics, 54, 752–762. 
Available from: https://doi.org/10.1111/age.13352

How many references 
were used in the article 
compared to the review 

article?

44



762 |   BELLONE ET AL.

with PATN1, a modifier of leopard complex spotting. Animal 
Genetics, 47, 91– 101.

Holl, H.M., Brooks, S.A., Carpenter, M.L., Bustamante, C.D. & 
Lafayette, C. (2017) A novel splice mutation within equine KIT 
and the W15 allele in the homozygous state lead to all white coat 
color phenotypes. Animal Genetics, 48, 497– 498.

Hug, P., Jude, R., Henkel, J., Jagannathan, V. & Leeb, T. (2019) A 
novel KIT deletion variant in a German Riding Pony with white- 
spotting coat colour phenotype. Animal Genetics, 50, 761– 763.

Kingsley, N.B., Sandmeyer, L., Parker, S.E., Dwyer, A., Heden, S., 
Reilly, C. et al. (2022) Risk factors for insidious uveitis in the 
Knabstrupper breed. Equine Veterinary Journal, 55, 820– 830.

Layer, R.M., Chiang, C., Quinlan, A.R. & Hall, I.M. (2014) LUMPY: 
a probabilistic framework for structural variant discovery. 
Genome Biology, 15, R84.

Lecoq, L., Gains, M., Blond, L. & Parent, J. (2015) Brainstem audi-
tory evoked responses in foals: reference values, effect of age, 
rate of acoustic stimulation, and neurologic deficits. Journal of 
Veterinary Internal Medicine, 29, 362– 367.

Li, H. & Durbin, R. (2009) Fast and accurate short read alignment 
with Burrows- Wheeler transform. Bioinformatics, 25, 1754– 1760.

Mack, M., Kowalski, E., Grahn, R., Bras, D., Penedo, M.C.T. & 
Bellone, R. (2017) Two variants in SLC24A5 are associated with 
‘Tiger- eye’ iris pigmentation in Puerto Rican Paso Fino horses. 
G3 (Bethesda), 7, 2799– 2806.

Magdesian, K.G., Tanaka, J. & Bellone, R.R. (2020) A de novo 
MITF deletion explains a novel splashed white phenotype in an 
American Paint Horse. The Journal of Heredity, 111, 287– 293.

Magdesian, K.G., Williams, D.C., Aleman, M., Lecouteur, R.A. & 
Madigan, J.E. (2009) Evaluation of deafness in American Paint 
Horses by phenotype, brainstem auditory- evoked responses, 
and endothelin receptor B genotype. Journal of the American 
Veterinary Medical Association, 235, 1204– 1211.

Martin, K., Rosa, L.P., Vierra, M., Foster, G., Brooks, S.A. & 
Lafayette, C. (2021) De novo mutation of KIT causes exten-
sive coat white patterning in a family of Berber horses. Animal 
Genetics, 52, 135– 137.

Metallinos, D.L., Bowling, A.T. & Rine, J. (1998) A missense muta-
tion in the endothelin- B receptor gene is associated with Lethal 
White Foal Syndrome: an equine version of Hirschsprung dis-
ease. Mammalian Genome, 9, 426– 431.

Negro, S., Imsland, F., Valera, M., Molina, A., Sole, M. & Andersson, 
L. (2017) Association analysis of KIT, MITF, and PAX3 vari-
ants with white markings in Spanish horses. Animal Genetics, 48, 
349– 352.

Okonechnikov, K., Golosova, O., Fursov, M. & Ugene Team. 
(2012) Unipro UGENE: a unified bioinformatics toolkit. 
Bioinformatics, 28, 1166– 1167.

Rockwell, H., Mack, M., Famula, T., Sandmeyer, L., Bauer, B., Dwyer, 
A. et al. (2020) Genetic investigation of equine recurrent uveitis 
in appaloosa horses. Animal Genetics, 51, 111– 116.

Rosa, L.P., Martin, K., Vierra, M., Foster, G., Brooks, S.A. & 
Lafayette, C. (2022) Non- frameshift deletion on MITF is asso-
ciated with a novel splashed white spotting pattern in horses 
(Equus caballus). Animal Genetics, 53, 538– 540.

Rosa, L.P., Martin, K., Vierra, M., Lundquist, E., Foster, G., Brooks, 
S.A. et al. (2022) A KIT variant associated with increased white 
spotting epistatic to MC1R genotype in horses (Equus caballus). 
Animals, 12, 1958.

Sandmeyer, L.S., Kingsley, N.B., Walder, C., Archer, S., Leis, M.L., 
Bellone, R.R. et al. (2020) Risk factors for equine recurrent uve-
itis in a population of Appaloosa horses in western Canada. 
Veterinary Ophthalmology, 23, 515– 525.

Santschi, E.M., Vrotsos, P.D., Purdy, A.K. & Mickelson, J.R. (2001) 
Incidence of the endothelin receptor B mutation that causes le-
thal white foal syndrome in white- patterned horses. American 
Journal of Veterinary Research, 62, 97– 103.

Sponenberg, D.P. & Bellone, R. (2017) Equine color genetics. Hoboken, 
NJ: John Wiley & Sons, Inc.

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B.C., 
Remm, M. et al. (2012) Primer3— new capabilities and interfaces. 
Nucleic Acids Research, 40, e115.

Van der Auwera, G.A., Carneiro, M.O., Hartl, C., Poplin, R., Del 
Angel, G., Levy- Moonshine, A. et al. (2013) From FastQ data 
to high confidence variant calls: the genome analysis toolkit 
best practices pipeline. Current Protocols in Bioinformatics, 43, 
11.10.1– 11.10.33.

SU PPORT I NG I N FOR M AT ION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.

How to cite this article: Bellone, R.R., Tanaka, J., 
Esdaile, E., Sutton, R.B., Payette, F., Leduc, L. et al.  
(2023) A de novo 2.3 kb structural variant in MITF 
explains a novel splashed white phenotype in a 
Thoroughbred family. Animal Genetics, 54, 752–762. 
Available from: https://doi.org/10.1111/age.13352

Supplementary 
material

Many fields require the 
inclusion of additional 
analyses, results, and 

raw data. 

Such material is 
included as 

supplementary files.



Disclaimer

 Figures, photos, and graphs in my lectures are 
collected using google searches.  I do not claim to have 

personally produced the material (except for some). I 
do cite only articles or books used. I thank all owners of 

the visual aid that I use and apologize for not citing 
each individual item.  If anybody finds the inclusion of 
their material in my lectures a violation of their copy 

rights, please contact me via email. 

hhalhaddad@gmail.com

mailto:hhalhaddad@gmail.com

