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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.

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 Kojima' 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 (80X 1), but all definitions depend
on the quantity:

D5 =Pus=PaPs 1)

which is the difference between the frequency of gametes
carrying the pair of alleles A and B at two loci (p, ) and
the product of the frequencies of those alleles (p, and p,).
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the
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INTRODUCTION

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 2.3kb
deletion in MITF with the alternative allele present in this stallion but absent
in the other 18 horses analyzed. All six SN'Vs were annotated as modifiers and
were not further considered. The deletion in MITF (NC_009159.3:¢.21555811 _
21558139delinsA AAT) 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.

KEYWORDS
coat color, deafness, horse, pigmentation, white patterning

have been described including frame overo, tobiano,
roan, leopard complex spotting, dominant white, sabino

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

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

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.
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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.

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 Kojima' 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 (80X 1), but all definitions depend
on the quantity:

D5 =Pus=PaPs 1)

which is the difference between the frequency of gametes
carrying the pair of alleles A and B at two loci (p, ) and
the product of the frequencies of those alleles (p, and p,).
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the
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INTRODUCTION

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 2.3kb
deletion in MITF with the alternative allele present in this stallion but absent
in the other 18 horses analyzed. All six SN'Vs were annotated as modifiers and
were not further considered. The deletion in MITF (NC_009159.3:¢.21555811 _
21558139delinsA AAT) 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.

KEYWORDS
coat color, deafness, horse, pigmentation, white patterning

have been described including frame overo, tobiano,
roan, leopard complex spotting, dominant white, sabino

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

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

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.
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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.

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 Kojima' 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 (80X 1), but all definitions depend
on the quantity:

D5 =Pus=PaPs 1)

which is the difference between the frequency of gametes
carrying the pair of alleles A and B at two loci (p, ) and
the product of the frequencies of those alleles (p, and p,).
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the
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INTRODUCTION

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 2.3kb
deletion in MITF with the alternative allele present in this stallion but absent
in the other 18 horses analyzed. All six SN'Vs were annotated as modifiers and
were not further considered. The deletion in MITF (NC_009159.3:¢.21555811 _
21558139delinsA AAT) 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.

KEYWORDS
coat color, deafness, horse, pigmentation, white patterning

have been described including frame overo, tobiano,
roan, leopard complex spotting, dominant white, sabino

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

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

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.

752 wileyonlinelibrary.com/journal/age

Animal Genetics. 2023;54:752-762.
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