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« 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

* |dentify recent published literature related to your
research project or field of study.
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ABSTRACT

Aenean massa. Cum sociis natogque penatibus ef magnes dis partursent montes, nascetur rediculus mus. Donec quam felis, ultricies nec, pellentesque eu,
pretium quis, sem. Nulla consequat massa quis enim. Donec pede justo, fringilla vel, aliquet nec, vulputate eget, arcw. In enim justo, rhoncus ut, imperdiet
2, venenatis vitae, justo. Nullam dictum felis cu pede mollis pretium. integer tincidunt. Cras dapibus. Vivamus elementum semper nisc Aenean vulputate
elesfend telius. Aenean leo ligula, porttitor eu, consequat vitae, eleifend ac, enim. Aliquam lorem ante, dapibus in, viverra quis, feagiat 2, tellus. Phasellus
viverra nulla ut metus variues loreet. Quisque rutrumy Aenean imperdiet. Euam ultricies nisi vel augue. Curabitur ullamcorper ultricies nisi. Nam eget dui.
Etiam rhoncus. Maecenas tempus, tellus eget condimentum rhoncus, sem quam semper libero, sit amet adipiscing sem neque sed ipsum, Nam quam nunc,
blandit vel, luctus pulvinar, hendrerit id, lorem. Mascenas nec odio et ante tincidunt tempas. Donec vitae sapien ut libero venenatis fucibus. Nullam quis
ante. Etiam sit amiet oroi eget eros faucibus tincidunt. Duis keo. Sed fringilla mauris sit amet nibh. Donec sodales sagittess magna. Sed consequat, leo eget

bibendum sodales, augue velit cursus nunc.

©2013 Published by Elsevier 8.V,

Introduction

Aenean massa. Cum sociis natogue penatibus et magnis dis
parturient montes, nascetur ridiculus mus. Donec quam felis,
ultricies nec, pellentesque ey, pretium quis, sem. Nulla consequat
massa quis enim. Donec pede justo, fringilla vel, aliquet nec, vulpu-
tate eget, arcu. In enim justo, rhencus ut, imperdiet 2, venenatis
vitae, justo, Nullam dictum felis eu pede mollis pretium. [nteger
tincidunt. Cras dapibus. Vivamus el semper nisi. Aenean
vulputate eleifend tellus, Aenean leo ligula, porttitor eu, consequat
vitae, eleifend ac, enim. Aliqguam lorem ante, dapibus in, viverra
quis, feugiat a, tellus. Phasellus viverra nulla ut metus varius
laoreet. Quisque rutrum. Aenean imperdiet. Etiam ultricies nisi vel
augue. Curabitur ullamcorper ultricies nisi. Nam eget dui, Etiam
rhoncus. Maecenas tempus, tellus eget condimentum rhoncus,
sem guam semper libero, sit amet adipiscing sem neque sed ipsum.
Nam quam nunc, blandit vel, luctus pulvinar, hendrenit id, lorem.
Maecenas nec odio et ante tincidunt tempus. Donec vitae sapien
ut libero venenatis faucibus. Nullam quis ante. Etiam sit amet
orci eget eros faucibus tincidunt. Duis leo. Sed fringilla mauris sit
amet nibh. Donec sodales sagittis magna. Sed consequat, leo eget
bibendum sodales, augue velit cursus nunc.

* Corresponding author. Tel- +33 467 50 50; fax +1-123-345678.
E-mad address: sxample@examplesmall com (E Author One)
UR12GS

INRA, F-24716 Nantes, France

Aenean massa. Cum sodiis natoque penatibus et magnis dis par-
turient montes, nascetur ridiculus mus. Donec quam felis, ultricies
nec, pellentesque eu, pretium guis, sem. Nulla consequat massa
quis enim. Donec pede justo, fringilla vel, aliquet nec, vulputate
eget, arcy. In enim justo, rhoncus ut, imperdiet a, venenatis vitae,
justo, Nullam dictum felis eu pede mollis pretium. Integer tin-
cidunt. Cras dapibus. Vivamus semper nisi. Aenean
vulputate eleifend tellus. Aenean leo ligula, porttitor eu, conse-
quat vitae, eleifend ac, enim. Aliguam lorem ante, dapibus in,
viverra quis, feugiat a, tellus. Phasellus viverra nulla ut metus
varius laoreet. Quisque rutrum. Aenean imperdiet. Etiam ultricies
nisi vel augue. Curabitur ullamcorper ultricies nisi, Nam eget dui,
Etiam rhoncus. Maecenas tempus, tellus eget condimentum rhon-
cus, sem quam semper libero, sit amet adipiscing sem neque
sed ipsum. Nam quam nunc. blandit vel, luctus pulvinar, hen-
drerit id, lorem. Maecenas nec odio et ante tincidunt tempus,
Donec vitae sapien ut libero venenatis faucibus. Nullam quis
ante, Etiam sit amet ora eget eros faucibus tincidunt. Duls leo,
Sed fringilla mauris sit amet nibh. Donec sodales sagittis magna,
Sed c | leo eget b sodales, augue velit cursus
nunc.
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Chemistry Education
Research and Practice

EDITORIAL

Check for updates

literature review

Cite this: Chem. Educ. Res. Pract.,
2021, 22, 561

and Gwendolyn A. Lawrie () *®

DOI: 10.1039/d1rp90006d

rscli/cerp

Introduction

Science education and chemistry education
articles have proliferated in the last two
decades. For researchers new to the field, it
can be hard to get an overview about a
research area, for example what has been
studied and general trends over time. This
i both the imp of, and the
demand for, review articles. This type of
article is typically based on already pub-
lished work and is meant to summarize
and collate available studies about a

h topic. Reviews play an integ
role in synthesizing the body of literature
under a th i brella. A reviewing
lens on published work can integrate and

outline state-of-the-art research in a field,
provide a discussion of controversies and

synthesize qualitative findings. Not every
individual review article can cover all of
these potential objectives.

Review articles allow the readers to get
a landscape view of a topic, but readers
can also use the collection of references
cited in a review article to dig deeper into

~ ROYAL SOCIETY
- OF CHEMISTRY

Writing a review article: what to do with my

Nicole Graulich, (92 Scott E. Lewis, (0® Ajda Kahveci, (< James M. Nyachwaya (¢

of an article, proposal or dissertation,
into a published review article. Such a
literature review can be used as a starting
point to build a review article upon.
However, a literature review often does
not follow the quality criteria of a formal
review article or specific types of reviews
and therefore should be reworked based

a topic. Thus, they are valuabl

to consult. Well written review articles are
often highly cited and could increase the
visibility and reputation of the authors.

Decisions to make before
starting to write a review
article

Before starting to write a review article, it is
helpful to clarify whether, especially for

on the steps illustrated in this editorial.

Types of review articles
suitable for chemistry
education research and
practice

The denomination of review types can vary
depending on the field and on the resources
used. This editorial does not encompass all
types of review articles that are possible, but
we end: to list and further explain the

- - T !Jn?r N N hers early in their careers, review
existing met or . N . .
o ;e R articles count their pr or
o R " tenure benchmarks. Depending on the
Some review articles adopt a more quanti- ntry or . articles .
cou q porung

tative effects estimation approach, whereas
others are more narrative, seeking to

“ Institute of Chemistry Education,
Justus-Liebig-University, Giessen, Germany

® Department of Chemistry, University of South
Florida, USA

‘ Department of Chemistry, Fort Hays State University,
uUsA

4 Department of Chemistry and Biochemistry and
School of Education, North Dakota State University,
uUsA

“School of Chemistry & Molecular Biosciences,
The University of Queensiand, St Lucia, 4072,
Australia. E-mail: g lawrle@ug.edu.au

This journal is @ The Royal Society of Chemistry 2021

main types of review articles. Chemistry

original research work can have higher value
than review articles for these processes. If
tenure requirements are related to citation
indices, a review article is probably worth

h and Practice publishes
three manuscript types: (1) original research
articles, (2) perspectives and (3) review
articles. The latter category includes
narrative, integrative or systematic reviews

the investment of time. Making this decisi
about writing a review article or not should
be guided by this economic lens, as a well-
written and well-researched review article
can be very time-consuming. Time might
be considered to be precious when just
having started an academic position.

It might be tempting to consider
adapting a literature review, that is part

and meta-anal Perspectives serve a
different purpose than review articles,
although like review articles perspectives
should also be based on, or discuss, pub-
lished research. Review articles need to
align with the goals and scope of the
journal. Thought experiments outlining
a theoretical position or personal opinion
without including a literature basis,

Chem. Educ. Res. Pract., 202, 22, 561-564 | 561
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Can you identify the differences between
review and research articles?

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

REVIEWS

@ FUNDAMENTAL CONCEPTS IN GENETICS

Linkage disequilibrium —
understanding the evolutionary past
and mapping the medical future

Montgomery Slatkin

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

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.

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:

D5 =Pus=Pabs (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

NATURE REVIEWS|GENETICS

© 2008 Nature Publishing Group

VOLUME 9 [JUNE 2008 | 477
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A de novo 2.3Kkb structural variant in MITF explains a novel
splashed white phenotype in a Thoroughbred family
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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

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 (SN'Vs) 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_009159.3:2.21555811 _
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.

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

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

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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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

NATURE REVIEWS | GENETICS

© 2008 Nature Publishing Group

VOLUME 9 [JUNE 2008 [ 477
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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

NATURE REVIEWS | GENETICS
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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

NATURE REVIEWS | GENETICS

© 2008 Nature Publishing Group

VOLUME 9 [JUNE 2008 [ 477

Q



LULLLEALLALENLRANEANLE L1 eLeteeL

What is unique about the titles of good
review articles?

-y



LULLLEALLALENLRANENLE L1010t

Title

Department of Integrative
Biology, University of
California, Berkeley,
California 94720-3140, USA.
e-mail: slatkin@berkeley.edu
doi:10.1038/nrg2361
Published online

22 April 2008

REVIEWS

((@ FUNDAMENTAL CONCEPTS IN GENETICS

Linkage disequilibrium —
understanding the evolutionary past
and mapping the medical future

Montgomery Slatkin

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
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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.
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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
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affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of
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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
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selection, genetic drift, recombination and mutation all
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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 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

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.

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:
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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 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

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.
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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
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tionary history and as the basis for mapping genes in
humans and in other species.
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population genetics of LD that tells us how natural
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affect levels of LD, and finally discuss some recent appli-
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selection in the genome and estimating allele age.
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the problems with assessing it, then outline the basic
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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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barrier not an aid to understanding. LD means simply
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and detecting LD does not ensure either linkage or a
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Lewontin and Kojima' and it persists because LD was
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biology and human genetics was unrecognized outside
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mapping became evident and large-scale surveys of
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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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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

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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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.
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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 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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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:

Dy =Pus=Pabs 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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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:

Dy =Pus=Pabs 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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barrier not an aid to understanding. LD means simply
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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 da

Abstract | Linkage disequilibrium — the nonrandom association of alleles at different loci
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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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tors affect LD between a particular pair of loci or in a
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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 palr is constralned by the allele frequencies. The

Box for additional
technical material or
examples

e e L e A
the presence of A and B. In general, r? 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 3, defined to be p, + D/p,. 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 diease'?’.

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 p,, is the
haplotype frequency. As defined, D,, characterizes a
population; in practice, D, , is estimated from allele and
haplotype frequencies in a sample. Standard sampling
theory has to be applied to find the confidence intervals
of estimated values®.

The quantity D, , 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 charac
LD between those loci. In fact, D, ,= -D,,

used without a subscript. The sign of D is arbitrar
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 suggested®, 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 nair of alleles of particular interest, the question

D between one palr of

Subsection e

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 (p,, = p3) and the fre-
quency of the Aa heterozygote is twice the product of p,
and p , 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
(p,p,)-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, ¢, between the two loci:

W+ 1) =(1-0D,, () @

where f 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 Weinberg” in 1909. The
general formula was obtained first by Jennings®.
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
tistically significant associa-
lotypes. Standard statistical

where a and b are the other alleles In thls case, th« S e Ctl O n iared and Fisher’s exact test,

for significance”.

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 data®” 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.

o -
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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 Other\mse, haplotypes cannot be determined without further

Box for addltlonal
technical material or
examples

P O T T g T ST T TS T OO TS T T S ST STy T oSt Ve o SOty o o
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
likelihood'??, parsimony'?*, combinatorial theory'** and a priori distribution derived
from coalescent theory'”” — have been developed. The last method is the basis for
the program PHASE, which has performed the best in extensive simulation
studies'?. 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 imputed'?”.

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 wrong'®. It is preferable, although
sometimes difficult, to use methods that account for the

otype frequencies, as is

1 Metropolis algorithm

S e Cti O n [ARC)" and some other

LD at more than two loci

When more than two loci are considered toget
common practice is to distinguish graphically iosc
pairs that have high levels of LD from those that do not®.
The result is a graph of the type introduced by Miyashita
and Langley" 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 IT
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 humans'*', leading
to the hypothesis that most of the human genome had
ablock-like pattern of LD. Haplotype blocks in humans
vary in size from a few kb to more than 100 kb*.

REVIEWS

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 Kruglyak'é, 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 association'”.
The situation turned out to be more complex both
because some genomic regions were found to not have
a block-like structure'® and because different ways of
defining haplotype blocks resulted in different block
boundaries". 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)®. The second generation
HapMap published recently characterized 3.1 million
SNPs in the same group of individuals?.

Haplotype blocks vary somewhat among human
populations — they tend to be somewhat shorter in
African populations'***?!. Haplotype blocks have been
studied in other species as well, both model organ-
isms, including the mouse and rat*, and domesticated
species, including cows? and dogs*. 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
D20EE ARy Thie stasistiaiasasblovhen the density

goal is to obtain

S u bse Cti O n f recombination.

tatistic to assess
Trc-overan-ucgrec-uraonancy-orvarious 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:

Dpe = Pase = PiDpc = PyDuc = PDop = PuPiPc ®)

where D, ,, D, and D, are the pairwise disequilib-

AB?
rium coefﬁcnents DABL 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

° -
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Figure
title

coefficients. The decay of these higher-order coef-
ficients under random mating was studied by
Geiringer”” 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 LD*. It is worth considering whether
higher-order disequilibrium coefficients can help to
understand the patterns found in the HapMap and
other large data sets.
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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
disequilib fthe class |l

region of 1 H complexin
humans fc Ig u re in for which the

frequency ommon) allele
exceeded . agonal shows
levels of L d eta I | S s the null
hypothesi 1the test of

linkage equrericigie o e rae oo (@ 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.

LD within and between populations

When data tor 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 Ohta?*, is similar
to Wright's®! partitioning of deviations from HWE
frequencies into F,;, the average deviation within
populations, and F,, the average deviation that is
attributable to differences in allele frequency among
populations®. Ohta® partitioned D,, the total disequi-
librium in a subdivided population, into D the aver-
age disequilibrium within subpopulations, and Dy,
the contribution to the overall disequilibrium caused
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop? are
available to calculate D, and D

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 D, 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 populatic—-

.
emto | Section
Both D and measur
statistics that quantify acviauois o ranaui assu-
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 statistic>***,
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 proposed**-*
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 recombination®.

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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One line of research in this area concerns the effect
of LD on long-term trends in evolution. Kimura*,
Nagylaki**** 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’s*
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
alone®. 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, w,, and W then selection
will increase LD if w,,>w, w .

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely"***". Furthermore,
when more than two loci interact in this way, large
blocks of LD can be maintained t

REVIEWS

Felsenstein® 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 others®®'. 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 LD***. The effect is obvious in an
se that one subpopulation is fixed
another is fixed for a and b. Any

the suggestion that an individual H
priate unit of selection***. Interes S u b S e Ctl O n als from the two subpopulations

diminished in the 1970s when it v

could not be detected between alleles that are distin-
guishable by protein electrophoresis™*'. 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 fitness*.

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 D? is small even if there is no
recombination®*** 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 D?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
D? when both loci are polymorphic cannot be calculated
analytically, but simulations show that much larger
values are seen’*>,

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-
tion*”. 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 linked*®.

he 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 loci’. 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 retarded®.
If selection maintains differences in allele frequencies
at two or more loci among subpopulations, LD in each
subpopulation will persist®¢.

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 Africa®. 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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Box 3 | Four-haplotype test

Box for additional
technical material or
examples

early in human history®-*. Detecting higher levels of
genome-wide LD in one population than in another
can then indicate a past bottleneck®.

Inbreeding, inversions and gene conversion. Other
forces create LD as well. Inbreeding creates LD for
Because

| -

« gments
. Subsection
1 . . selfing
species, but the expected pattern is not evident in the
most thoroughly studied selfing species, Arabidopsis
thaliana™?.

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
geneticists®.

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

ssion but the LD between

H nethods for inferring the
e C I O n ‘sion and recombination
|7477E'

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, Py= 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 LD*". 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 cancer”®, colorectal cancer®"®,
type 2 diabetes®*¢ and heart disease®”, 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 LD**.

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.” 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 Haigh®', 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
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Box4|LD

Box for additional
technical material or
examples

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. Hastbacka et al. applied the Luria-Delbriick 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 kb**.

Subsection

loci. Recently, methods have been developed for
detecting regions of unusually low heterozygosity that
are indications of past hitch-hiking events®*.

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
locus®®. 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 neutrality’”**. Recently,
Sabeti et al.”'” and Voight et al.’®" 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-
ativelv laroe recion indicates that not much time has
atation. If the mutant
1igh frequency in a
e so under the effect
. cy 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 ages'®-'%.

Section REVIEWS

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 Project'”, 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 ones'**-!'°,

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 subdivided''"""> and that some
genomic regions of modern humans were brought
by introgression from an extinct ancestor, possibly
Neanderthals'.

In model organisms, large SNP and resequencing
studies on the scale of human studies are now being
done™!"", 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 recently''>"'¢. The potential selective effect
of indels and inversions, combined with more efficient
means of their detection'”""%, will provide additional
rich sources of LD in humans and other species.
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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.

Q



LULLLEALLALENLRANEANLE L1 eLeteeL

Received: 12 July 2023 Accepted: 19 August 2023

DOI: 10.1111/age.13352

RESEARCH ARTICLE

ANIMAL GENETICS RVVIRRY

A de novo 2.3kb structural variant in MITF explains a novel
splashed white phenotype in a Thoroughbred family

R.R. Bellone">® | J. Tanaka' | E. Esdaile! | R.B.Sutton’ | F.Payette* |
L.Leduc* | B.J.Till' | A.K.Abdel-Ghaffar' | M.Hammond"? | K.G.Magdesian®

'Ve(erinary Genetics Laboratory, School
of Veterinary Medicine, UC Davis, Davis,
California, USA

Department 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

4Depa\rlmenl 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

*Department 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

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.
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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
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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.
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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
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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
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variants with and without other variants impacting melanocyte development
and function needs to be further explored.
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nearly all-white foal that was confirmed deaf by brainstem auditory evoked
response testing. This foal was also a compound heterozygote for dominant
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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.
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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
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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
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response testing. This foal was also a compound heterozygote for dominant
white variants (W20/W22), but to date, W variants alone have not been
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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 (SN'Vs) 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:g.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.
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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
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reported to cause white patterning. The link between deafness and all MITF
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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_009159.3:2.21555811_
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.
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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

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_009159.3:2.21555811_
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
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.

Introduction

General
paragraph

R Specific
paragraph

KR Specific
paragraph

Thesis
paragraph

Paragraph
length

Details

Q



LULLLEALLALENLRANEANLE L1 eLeteeL

MITF VARIANT (SW8) IN A THOROUGHBRED FAMILY

horse. This pattern is caused by a 2bp 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-
antsin or near KI7T 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; Diirig, 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 K/7 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 (SBI), 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
etal., 2016). Horses homozygous for the 1378 bp insertion
in TRPMI 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
(Diirig, 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 11bp 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 SWI1. 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 MITF**S" which re-
sult in a dilute coat and white spotting pattern and all
white phenotype, respectively (Diirig, 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

ANIMAL GENETICS RYVTHa

variants in PA X3, 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.

METHODS
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, SBI, LWO, LP, PATNI 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 ‘HUT 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); 10ng 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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horse. This pattern is caused by a 2bp 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 KI7T 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; Diirig, 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; Ros
Martin, Vierra, Lundquist, et al., 2022). Additionally, ¢
inversion thought to impact KI7T gene expression caus
the tobiano pattern, but there are no reported adver
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
etal., 2016). Horses homozygous for the 1378 bp insertion
in TRPMI 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
(Diirig, 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 11bp 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 SWI. 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 MITF***S"" which re-
sult in a dilute coat and white spotting pattern and all
white phenotype, respectively (Diirig, 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
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variants in PA X3, 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

o ' 1sing whole genome sequencing
pproach, we aimed to determine

S e Ctl 0 n used this splashed white pattern.

METHODS
Samples and genetic testing

1alf-sibling family in-

H ion, his sire and dam
Subsection i
r 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, PATNI and
Grey). Twenty-eight additional alleles in KIT (W1-W3,
W6-W9, WII-WI12, 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 ‘HUT in cor-
responding figures) and if this horse qualified as the sire
of the offspring tested in the study.

‘Whole genome sequencing

ries were generated
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Subsection ;. e
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Figure itlel

FIGURE 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 offsnring of (a. b) disnlaving snlashed white nattern denoted by bald face (e, f), extensive markings

on the legs (¢, d), and white patterning on t

the left side of the abdomen and face (d, )

as compared with the right (c, e), which is ¢ H H is, shown in f). Figures (c), () and (f)
courtesy of Carolyn Simancik. Ig u re e a I S

Qubit instrument (LifeéTechnologies) 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 30x 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
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and Expression Analysis Core at the UC Davis Genome
Center, supported by NIH Shared Instrumentation Grant
1S100D010786-01. 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), PRIEB28306
(one Shetland pony), PRJEB36381 (one Tennessee
Walking Horse), PRIEB36380 (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 (SN'Vs) and small indels were
called utilizing three variant callers: FREEBAYES (G

ANIMAL GENETICS RYVTHE

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 20uL
reactions using 1pL of BigDye Terminator v3.l and
Spmol 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

I, assuming the genomic

son E. FreeBayes source repository; https://github.c S b t. 2s a protein, we used the
ekg/freebayes), samtooLs (Danecek et al., 2021) u SeC Ion identified in Ensembl

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
TRPM]I 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 SN'Vs and structural variants unique to the stallion
and predicted to impact the coding sequence were fur-
ther considered.

Variant validation

. firm breakpoints,

S u bse Ctl O n 1alf-sibling family
ers were designed

aunizing rkivexo  weuversion 1.0 (Untergasser
et al., 2012; Table Sl). Polymerase chain reaction (PCR)
was performed on all horses in the study using a total
sample volume of 20puL containing 2.5pmol of each
primer, 30ng of DNA, 1x PCR buffer with 2.0mM
MgCl,, ImM 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

wirt i uamseripeioivooena)0000070516) 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 . 1oted offspring
1 tigation (‘(HUT’,
F S u bseCtI O n Cgenler, I(Jniver—
Sleyor xvrmoyrvea ror suspeereaweaflless 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 IT Wedge EMG System) and software
(Cadwell Sierra XP) as previously described (Aleman
etal., 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 10ms
after acoustic stimulation. An alternating broadband
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TABLE 1 Structural variants identified in candidate genes from horse of interest. | a b I e ti tI e

Gene ECA Position SV Length SnpEff predicated annotat

MITF 16 21555810 DEL 2329 High: exon_loss_variant Only in HUI
&splice_acceptor_variant
&splice_donor_variant
&splice_region_variant
&intron_variant

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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FIGURE 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 (4S7P and MCIR,
SLC4542, 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 SLC4542; one copy of cream dilutes the pigment in the coat but does not cause white spotting.
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click stimulus at 90dB hearing level was applied to the
studied ear at a 21.1 Hz rate, and a white noise-masking
60dB 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.
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SLC4542, 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 SLC4542; one copy of cream dilutes the pigment in the coat but does not cause white spotting.
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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

Inv . or SN'Vs using
thr S b t ats present in
the u SeC IO n 10rses studied
(Tavic o2y Uity sia vt e oIy vs waenaed 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 2.3kb deletion in MITF
(NC_009159.3:2.21555811_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:¢.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’ allel¢
was present on the strand of DNA with the 2.3kb 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

. MITF transcript

S u bse Ctl O d deletion encom-
lanking intron se-

UCIIUCs. Assuliiig uis wuuia arcer nurmal splicing and
result in splicing exon 8 to exon 10, this deletion is pre-
dicted to change the amino acid sequence after position

ANIMAL GENETICS RYVTH e

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

Ral R 1 'that both Fhe
;i Subsection i

detecweu o v w11, parciiage uancdation 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

. sented with suspected

S u bse Ctl O n sigmented hairs in his
>s (Figure 2: O-1 and

rigure o¢). Ul presentauoir, we coit 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-
e * “ste hearing loss (Figure 5d). The

1 as a healthy control in which

S e Cti O n ained 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; Diirig, Jude, Holl, et al., 2017; Haase
etal., 2013; Negro etal., 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 2.3kb 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 trdck) Also represenled is Ensembl MITF transcript (ENSECAT00000070516) denoted in
blue. The decrease in coverage correspondin : * * 2 (red lines) corroborates the SV called by
Lumpy. (b) Validation of the SV and breakp a 2326 bp deletion and a 3bp insertion.
Displayed is the electropherogram denoting F I u re d eta I I S 1 of 3bp highlighted in the red box.

(c) Sanger sequencing also determined that 1 g 1146654378 (denoted by * in b, ¢), the dam
was homozygous for the A allele (green high _ . aighlight). 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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FIGURE 4 RosettaFold model of
equine MITF (predicted protein encoded H

by ENSECAT00000070516). (a) Wild-type I g u re
MITF highlighting the consensus DNA

interacting helix loop helix domain of this
transcription factor (red). (b) Predicted
effect of the 2.3kb 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 Sy
sequence after position 459 and truncate e
the protein after amino acid 482, therefore s t“’ j
deleting almost all of the C terminal helix g\&—:ﬁ;‘; <

of the DNA interacting domain of this
transcription factor.
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Figure details

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 SWS8. This 2.3kb
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 (MITF>*CM) re-
ported to cause an all-white phenotype in a Standard-
bred (Diirig, Jude, Jagannathan, & Leeb, 2017) and an
8.4kb 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 (SWS) also involves exon 9 but its origin remains
unknown, it is a 63.4kb 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/SWS8 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 1.9kb deletion in the KIT gene
(NC_009146.3:2.79548925_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 (Diirig, 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
(Diirig, 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

Q
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FIGURE 5 Brainstem auditory evoked response (BAER) in two horses with white coat patterns. (a) F I g u re tl tI e

white spotting pattern caused by W22 and normal hearing based on BAER testing (b). (c) Nearly all-wh

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.

(Henkel et al., 2019). It is unknow F I d t II sterozygote as deaf. Still clinical
cause deafness or if the combinatic Ig u re e al S ; for deafness was not reported for

ing alleles resulted in the complete wovcice vr smerane

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/

o vwovowsraawe 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
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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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