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Abstract

Intense selective pressures applied over short evolutionary time have resulted in homogeneity within, but substantial
variation among, horse breeds. Utilizing this population structure, 744 individuals from 33 breeds, and a 54,000 SNP
genotyping array, breed-specific targets of selection were identified using an Fsr-based statistic calculated in 500-kb
windows across the genome. A 5.5-Mb region of ECA18, in which the myostatin (MSTN) gene was centered, contained the
highest signature of selection in both the Paint and Quarter Horse. Gene sequencing and histological analysis of gluteal
muscle biopsies showed a promoter variant and intronic SNP of MSTN were each significantly associated with higher Type
2B and lower Type 1 muscle fiber proportions in the Quarter Horse, demonstrating a functional consequence of selection at
this locus. Signatures of selection on ECA23 in all gaited breeds in the sample led to the identification of a shared, 186-kb
haplotype including two doublesex related mab transcription factor genes (DMRT2 and 3). The recent identification of a
DMRT3 mutation within this haplotype, which appears necessary for the ability to perform alternative gaits, provides further
evidence for selection at this locus. Finally, putative loci for the determination of size were identified in the draft breeds and
the Miniature horse on ECA11, as well as when signatures of selection surrounding candidate genes at other loci were
examined. This work provides further evidence of the importance of MSTN in racing breeds, provides strong evidence for
selection upon gait and size, and illustrates the potential for population-based techniques to find genomic regions driving
important phenotypes in the modern horse.
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Signatures of Selection in the Horse

Introduction

Since domestication of the horse approximately 5,000 years ago
[1-3], selective breeding has been directed mainly toward the use
of the horse in agriculture, transportation, and warfare. Within the
past 400 years, the founding of formal breed registries and
continued breed specialization has focused more upon preserving
and improving traits related to aesthetics and performance. As a
result, most horse breeds today are closed populations with high
phenotypic and genetic uniformity of individuals within the breed,
but with a great deal of variation among breeds. High-throughput,
whole-genome SNP arrays can now be used to exploit this
population structure to identify the effects of selection upon the
equine genome. Once genomic regions targeted by selection are
detected, the variants and processes that have contributed to
desired phenotypes within breeds and across performance groups
can be more readily identified.

Population-based approaches to identify signals of selection
using loss of heterozygosity and/or other diversity indices have
been successful in several domestic species. In dogs, these studies
have led to the identification of genomic regions implicated in the
selection of characteristics such as coat color and texture, body
size, skin wrinkling, and disease [4,5], as well as the identification
of signals of selection across genes with both known and unknown
function [6-9]. Similar studies in cattle have identified regions of
interest that encompass genes with known or potential importance
for muscling, feed efficiency, milk production, and reproduction
[10-13], and genomic targets of selection for reproductive traits,
coat pigmentation, and lack of horns (polled) have been identified
in the sheep [14]. While a considerable number of traits are under
selection in the many breeds and performance groups of the horse,
the only prior population-based study of selection in the horse
utilized microsatellite loci to identify loci of importance to the
Thoroughbred with respect to three other breeds [15].

This report, using an autosomal single nucleotide polymorphism
(SNP) array and a sample set of 33 different breeds, represents the
first large-scale study of how selective pressures have shaped the
equine genome. Within each breed, genotypes in 500 kb windows
were evaluated to identify those more divergent from the other
breeds in the study than expected, therefore signifying potential
genomic targets of selection. Of the regions of putative selection
identified, priority was given to regions with the highest 4; value
within a breed, regions with consecutive windows of significance
covering at least 1 Mb, regions shared by breeds with similar
phenotype, or regions showing significance near genes with known
or suggested functional effect. Regions chosen for follow-up studies
were further investigated by phasing genotypes to discover any
extended haplotypes present at high frequency in the breed(s) of
interest. Haplotypes were then scanned to identify candidate genes
for follow-up study. This report focuses upon regions of selection
that are hypothesized to be involved in coat color, performance,
gait (pattern of locomotion) and size. Our results support the use of
this technique in the horse to identify novel variants of functional
mmportance and to further elucidate how selection has shaped the
equine genome.

PLOS Genetics | www.plosgenetics.org

Results

Overview

A total of 744 horses representing 33 breeds (average 22.5
horses/breed) genotyped with the Equine SNP50 Beadchip
(Illumina) were included in the analysis. Information regarding
the breeds, sample sizes and breed-specific phenotypes is found in
Table 1. Horses were selected to represent a random sample of the
breed whenever possible and were chosen to be unrelated to one
another at, or more recent to, the grandsire/dam level. In the case
where pedigree information was not available, horses were
removed from the analysis so no pair had a genome sharing
value of greater than 0.3 (see methods). All horses included in the
study genotyped at a rate greater than 0.98.

The Fgr-based statistic, d; [4], was calculated for autosomal
SNPs in 500 kb windows, with a minimum of 4 SNPs per window,
and defining the populations by breed. The d; statistic is a
summation at each window of pairwise Fgy values for each breed
combination, corrected by the value expected from genome-wide
calculations; therefore, a large value of d&; indicates greater
divergence at that 500 kb window than that observed across the
genome as a whole. In total, 23,401 SNPs were evaluated within
3,229 windows (68.7% of the autosomes), averaging 7.25 SNPs per
window (range 4-20). SNPs from the full data set not included in
the analysis of d; were largely removed due to failure to meet the
minimal SNP density requirement. The 33 windows within each
breed, which fell into the upper g9t percentile of the empirical
distribution, were considered putative signatures of selection; these
regions in each breed are listed in Table S1. The maximum d;
value per breed ranged from 33.8 in the New Forest Pony to 104.4
in the Peruvian Paso. Of the 3,229 windows analyzed, 695 (2.7%)
were significant (within the upper 99 percentile) in at least one
breed. The d; plots from all breeds in the study are provided in
Figure S1.

Utility of the Statistic—Identification of Common
Haplotypes Containing Known Coat Color Loci

Prior work has suggested that coat color was a target of selection
early in horse domestication [2] and several breeds continue to be
selected for a uniform coat color or color patterns. Two examples
of selection for coat color include the light chestnut coat desired in
Belgian draft horses bred in the United States, and the dun
coloration characteristic of the Norwegian Fjord.

Chestnut coat color is the result of a recessive mutation of the
melanocortin 1 receptor (MCIR) [16]. This MCIR variant
represents a gene with known effect that has been shown to be
contained within an extended haplotype [17]. Genotypes for the
MCIR locus were available for most horses in 14 of the breeds as
reported previously [17]. In this sample, two breeds, the Morgan
and Belgian, were fixed for the missense mutation that results in
the base coat color of chestnut.

Due to SNP density, d; was not calculated across the MCIR
locus itself. However, the window with the highest 4; value in the

Morgan was a region on ECA3 with two consecutive significant
windows (ECA3:37,825,015; 4;=67.22) near the MCIR locus
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Author Summary

A breed of the horse typically consists of individuals
sharing very similar aesthetic and performance traits.
However, a great deal of variation in traits exists between
breeds. The range of variation observed among breeds can
be illustrated by the size difference between the Miniature
horse (0.74 m and 100 kg) and draft horse (1.8 m and
900 kg), or by comparing the optimum racing distance of
the Quarter Horse (1/4 mile) to that of the Arabian
(100 miles or more). In this study, we exploited the breed
structure of the horse to identify regions of the genome
that are significantly different between breeds and
therefore may harbor genes and genetic variants targeted
by selective breeding. This work resulted in the identifi-
cation of variants in the Paint and Quarter Horse
significantly associated with altered muscle fiber type
proportions favorable for increased sprinting ability. A
strong signature of selection was also identified in breeds
that perform alternative gaits, and several genomic regions
identified are hypothesized to be involved in the determi-
nation of size. This study has demonstrated the utility of
this approach for studying the equine genome and is the
first to show a functional consequence of selective
breeding in the horse.

(ECA3:36,259,276-36,260,354) (Figure S1). Phasing of the
genotypes uncovered a 1.57 Mb, 12 SNP haplotype spanning
MCIR in all Morgan chromosomes (IN=280); this haplotype
extended 2.55 Mb in 95% of the chromosomes (Figure 1).
Although the Belgian population had the identical 1.57 Mb
haplotype across the MCIR locus, it did not have a high-
frequency haplotype extending into the regions in which &; was
calculated. As the result of the different haplotype lengths in
each breed, the d; statistic identified the signature of selection
around MCIR in the Morgan, but not in the Belgian (Figure 1
and Figure SI).

The frequency of the mutant A/CIR allele in the 12 other breeds
for which the MCIR genotype was known ranged from 0.19 in the
Andalusian to 0.88 in the American Saddlebred (hereafter
“Saddlebred”) (data not shown). In addition to the Morgan,
significant 4; values adjacent to the MCIR locus were found in the
Finnhorse and Saddlebred, which each had a high frequency
(0.85) of the same extended haplotype (2.19 and 2.64 Mb,
respectively) across MCIR as that found in the Morgan (data not
shown). Significant ¢; windows upstream and adjacent to the
MCIR region were also found in the Andalusian, Exmoor Pony,
Fell Pony, Icelandic, North Swedish Horse, and Shire (Figure S1);
however, these populations did not have a high frequency of the
MCIR haplotype consistent with chestnut coat color.

Another instance of detection of a coat color locus was found on
ECAS in the Norwegian Fjord, a breed selected for the dun coat
color dilution. A significant window on ECAS, centered at
17.5 Mb, is in the same region as the genetically mapped locus
associated with the dun dilution [18].

ECA18—Muscle Characteristics and Racing Aptitude
Racing performance is a trait of high economic importance to
the equine industry. Variation in racing aptitudes range from that
of the American Quarter Horse (hereafter “Quarter Horse”),
which was originally bred to sprint % mile (400 m), to the opposite
extreme of the Arabian and Akhal Teke breeds that compete in
endurance races up to and over 100 miles (160.9 km). Interme-
diate to the Quarter Horse and endurance horses, the Thorough-

PLOS Genetics | www.plosgenetics.org
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Table 1. Breeds included in the study, sample size, and
distinguishing phenotype(s).

Breed N Breed-defining Trait(s)

Akhal Teke 19  endurance riding

Andalusian 18  sport horse

Arabian 24 endurance riding

Belgian 30  draft

Caspian Pony 18  small size

Clydesdale 24 draft

Exmoor 24 small size; hardiness

Fell Pony 21 small size

Finnhorse 27 race (trot); light draft
Franches-Montagnes 19  light draft

French Trotter 17 race (trot)

Hanoverian 15 sport horse

Icelandic 25  gait: 4-beat lateral amble, pace
Mangalarga Paulista 15  riding horse

Miniature 21 extreme small size

Mongolian 19  meat, milk, riding

Morgan 40  riding, driving

New Forest Pony 15 riding horse

North Swedish Horse 19  draft

Norwegian Fjord 21 dun coat color; riding, driving

Paint 25  white patterned coat color; ranch work
Percheron 23 draft

Peruvian Paso 21 gait: 4-beat lateral amble

Puerto Rican Paso Fino 20  gait: 4-beat lateral amble

Quarter Horse 40  race (sprint); heavy muscling; ranch work
Saddlebred 25 gait (some): 4-beat amble, pace or fox trot
Shetland 27 small size

Shire 23 draft

Standardbred 25  race (trot)

Swiss Warmblood 14 sport horse

Tennessee Walking Horse 19 gait: 4-beat lateral amble
Thoroughbred 36  race (~1 mile)

Tuva 15 metabolic efficiency; hardiness
doi:10.1371/journal.pgen.1003211.t001

bred races distances ranging from 5/8 to 2 miles (1-3.2 km), and
the Standardbred competes at a distance of approximately one
mile (1600 m) under harness at a trot or pace rather than a gallop.

A large region of putative selection was found on ECA18 in the
American Paint Horse (hereafter “Paint”) and Quarter Horse
populations, which included the highest ; values observed in each
breed (Figure 2). Not only was the highest d; value for each breed
found in this region, but 9 and 10 of the 11 consecutive windows
(from 60.59 to 68.84 Mb), were significant in the Quarter Horse
and Paint, respectively.

Haplotype analysis. Phasing of the genotypes across ECA18
showed a common, 780.7 kb haplotype composed of 21 SNPs,
found in 91.3 and 100% of the Quarter Horse and Paint
chromosomes, respectively. The same 780.7 kb haplotype, con-
tained within a larger, 2 Mb haplotype, was also present in 52.8%
of the Thoroughbred chromosomes (Figure 3). This 780.7 kb

January 2013 | Volume 9 | Issue 1 | e1003211
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Haplotype
Length
Breed (Mb) Frequency
Morgan 2.55 0.95
Belgian 1.57 1.00

|
. 5 MCIR
on e e ® = e .
ECA3 35000000 35500000 36000000 36500000

37000000

® 0 0 00 0 WWIB® S0 *
37500000 38000000

Figure 1. Haplotypes surrounding the MC7Rlocus in the Morgan and Belgian. Extended haplotypes surrounding the MC1R locus on ECA3 in
Morgan and Belgian horses. SNPs on the Equine SNP50 Beadchip are designated on the x-axis as dots and windows where d; was calculated are
shown with double-sided arrows. The common haplotype is shown as a solid, horizontal bar. As the result of haplotype length in each breed, the d;
statistic identified the signature of selection around MC1R in the Morgan, but not in the Belgian due to poor polymorphic SNP coverage resulting in

no calculation of d; over this region.
doi:10.1371/journal.pgen.1003211.g001

haplotype was present at a frequency of 0.04 across all other
samples in the study.

Candidate gene sequencing. The myostatin gene (MSTN;
ECA18: 66,490,208-66,495,180) was centered among 12 predict-
ed or annotated genes in the 780.7 kb haplotype observed in the
Paint and Quarter Horse (Table S2). Sanger DNA sequencing of
MSTN was performed on 14 horses (8 Quarter Horse, 6
Thoroughbred) representing individuals with and without the
780.7 kb haplotype. A total of 19 variants were identified relative
to the reference genome including a SINE insertion in the
promoter region, which was also found in the Thoroughbred [19],
as well as a SNP in intron 1 (g.66493737C/T) suggested to be
predictive of optimal racing distance in Thoroughbreds [19,20].
All SNPs identified in these 14 horses through sequence analysis of
MSTN are presented in Table S3.

Association of MSTN with the
haplotype. To evaluate the frequency of the SINE insertion
and association with the extended haplotype in an alternative
sample, the SINE insertion was genotyped in 132 horses from

variants common

-20 20 60

which full-genome SNP data was available (121 Quarter Horses
and 11 Paints). The 780.7 kb SNP haplotype was observed in
90.9% (240/264) of the chromosomes assayed and the SINE
insertion was present in 95.8% (230) of the 240 instances in which
the extended haplotype was observed. The intron 1 SNP was
genotyped in 61 horses in which full-genome SNP data was
available. Similar to the SINE, the intron 1 “C” allele was found
i 96.9% of cases (94/97) in which the extended haplotype was
present.

In this sample of Paint and Quarter Horses, the presence of the
SINE was predictive of the “C” allele of the intron 1 SNP in
89.8% of the instances where data from both variants was
available. Further, both the SINE and SNP were significantly
associated with the extended haplotype shared among the Quarter
Horse, Paint, and Thoroughbred (p<<0.001 for each variant). The
promoter SNP (g.66495715T/C) discussed in [21] and suggested
to be associated with body composition (light vs. heavy breeds),
was found in 8.7% of 23 Quarter Horses assayed and was not
significantly associated with the extended haplotype, the SINE

Thoroughbred

-20 20 60

-20 20

Quarter Horse

T 1T 1T 1T 17T T TTTTTrTTrTTTI

15 16 18 20 22 24 27 30

Chromosome

Figure 2. Genome-wide d; values for the Thoroughbred, Paint, and Quarter Horse. Output of the d; calculation for the Thoroughbred,
Paint, and Quarter Horse. The d; value is plotted on the y axis and each autosome is shown in the x axis in alternating colors. Each dot represents one
500 kb window. The dashed horizontal line represents the 99" percentile of the empirical distribution of d; for each breed.

doi:10.1371/journal.pgen.1003211.g002
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Hapl
® SNP position aplotype
Length
Breed (Mb) Frequency
Thoroughbred-long 4.54 0.35
Thoroughbred-short 2.00 0.53
Quarter Horse-long 4.47 0.53
o —— Quarter Horse-short 0.78 0.91
Paint-long 4.31 0.66
S B Paint-short 0.78 1.00
MSTN
7
I
O~ - -
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Figure 3. Significant signature of selection and associated haplotypes on ECA18 surrounding MSTN. (top) Haplotype size, position, and
frequency for the minimal, shared and extended haplotypes (solid, horizontal bars) on ECA18 in the Thoroughbred, Quarter Horse, and Paint.
Significant d; windows are shown as double-sided arrows. The position of the MSTN gene is shown. The identities of all genes found within the
0.78 Mb haplotype are given in Table S2. (bottom) d; values for each window in the region of MSTN for the three breeds.

doi:10.1371/journal.pgen.1003211.g003

insertion, or intron 1 SNP (data not shown); no other MSTN
variants were significantly associated with the haplotype in
question.

Frequency of MSTN variants. In addition to the 132 horses
above, 257 other individuals from whom full-genome SNP data
was not available were genotyped for the SINE insertion. Of the
389 horses genotyped in total (357 Quarter Horse, 32 Paint), 309
(79.4%) were homozygous for the insert, 51 (13.1%) heterozygous,
and 29 (7.5%) homozygous for the allele without the insert. In this
sample, which largely represents horses collected for other
laboratory studies and is not necessarily a random representation
of each breed, the SINE was present at a frequency of 0.86. In a
similar sample of 112 horses genotyped for the intron 1 SNP, 61
horses (54.5%) were homozygous for the “C” allele, 40 (35.7%)
heterozygous, and 11 (9.8%) homozygous for the ““I” allele; the
frequency of the “C”” allele of the intron 1 SNP in this sample was
0.88.

Gluteal muscle fiber typing. Because MSTN is a negative
regulator of muscle development and a loss of function is known to
influence muscle mass [22-26], we hypothesized that the SINE
insertion may function to influence muscle fiber composition due
to its position in the promoter region of the gene. To test this
hypothesis, muscle fiber type proportions and diameters were
quantified from gluteal muscle biopsies obtained from a standard-
1ized site [27] (see methods) of 79 Quarter Horses representing
each genotype with respect to the SINE insertion (18 homozygous
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without the insert (NN), 31 heterozygous for the SINE insertion
(NS), and 30 homozygous for the SINE insertion (SS)). Genotyping
of the linked intron 1 SNP found that 34 of these horses were
homozygous for the “C” allele, 33 heterozygous, and 9
homozygous for the wild-type, “T,” allele (3 were missing data).

The MSTN SINE insertion and intron 1 SNP were tested for
significant association with fiber type proportions and diameter
using multivariate analysis of variance (MANOVA). Age and
gender have been shown to influence muscle fiber characteristics
[28-31] and were therefore included as covariates in the analyses.
An additive mode of inheritance was assumed.

MANOVA showed a significant association of the SINE with
muscle fiber type proportions (p=0.039) (Figure 4). The direc-
tionality and magnitude of the response was evaluated by multiple
linear regression, which demonstrated that the presence of the
SINE resulted in a higher proportion of Type 2B fibers (p =0.012)
and lower proportion of Type 1 fibers (p =0.045). Each copy of
the SINE increased Type 2B fiber proportions by 3.79% (95%
CI=0.98 to 6.71), and decreased Type 1 fiber proportions by
2.10% (95% CI=0.05-4.16) (Figure 5).

MANOVA was performed in a similar manner on the intron 1
SNP data and also showed a significant association of the SNP
(p=0.008) with fiber type proportions (Figure 4). The “C” allele
led to a higher proportion of Type 2B fibers (p=0.005) and a
lower proportion of Type 1 fibers (p =0.004). In the case of Type
2B fibers, each copy of the “C” allele resulted in a 4.79% increase
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Figure 4. Gluteal fiber type proportions observed based upon MSTN SINE and intron 1 SNP genotype. Gluteal muscle fiber type
proportions in 79 Quarter Horses based upon myostatin genotypes, not accounting for age and sex. The top panel shows the SINE (N =wild-type
allele, S=SINE insertion) and bottom panel the intron 1 SNP genotypes. Each grey circle indicates fiber type proportion in one horse (y-axis). The
mean is shown with a black dot and the error bars represent 95% confidence intervals around the mean. The SINE and SNP are each significantly
associated with a lower proportion of Type 1 and higher proportion of Type 2B muscle fibers.

doi:10.1371/journal.pgen.1003211.9004

in Type 2B fiber proportion (95% CI =1.50-8.09) and decrease of
3.44% (95% CI=1.13-5.75) in the proportion of Type 1 fibers
(Figure 5).

Least-square means calculated from the S