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Abstract

Thoroughbred horses have been selected for exceptional racing performance resulting in system-wide structural and
functional adaptations contributing to elite athletic phenotypes. Because selection has been recent and intense in a closed
population that stems from a small number of founder animals Thoroughbreds represent a unique population within which
to identify genomic contributions to exercise-related traits. Employing a population genetics-based hitchhiking mapping
approach we performed a genome scan using 394 autosomal and X chromosome microsatellite loci and identified
positively selected loci in the extreme tail-ends of the empirical distributions for (1) deviations from expected heterozygosity
(Ewens-Watterson test) in Thoroughbred (n=112) and (2) global differentiation among four geographically diverse horse
populations (Fs7). We found positively selected genomic regions in Thoroughbred enriched for phosphoinositide-mediated
signalling (3.2-fold enrichment; P<<0.01), insulin receptor signalling (5.0-fold enrichment; P<<0.01) and lipid transport (2.2-
fold enrichment; P<<0.05) genes. We found a significant overrepresentation of sarcoglycan complex (11.1-fold enrichment;
P<0.05) and focal adhesion pathway (1.9-fold enrichment; P<<0.01) genes highlighting the role for muscle strength and
integrity in the Thoroughbred athletic phenotype. We report for the first time candidate athletic-performance genes within
regions targeted by selection in Thoroughbred horses that are principally responsible for fatty acid oxidation, increased
insulin sensitivity and muscle strength: ACSS1 (acyl-CoA synthetase short-chain family member 1), ACTA1 (actin, alpha 1,
skeletal muscle), ACTN2 (actinin, alpha 2), ADHFE1 (alcohol dehydrogenase, iron containing, 1), MTFR1 (mitochondrial fission
regulator 1), PDK4 (pyruvate dehydrogenase kinase, isozyme 4) and TNC (tenascin C). Understanding the genetic basis for
exercise adaptation will be crucial for the identification of genes within the complex molecular networks underlying obesity
and its consequential pathologies, such as type 2 diabetes. Therefore, we propose Thoroughbred as a novel in vivo large
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animal model for understanding molecular protection against metabolic disease.
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Introduction

As flight animals and grazers the wild ancestors of modern
horses were naturally selected for speed and the ability to traverse
long distances. Since horses were domesticated on the Eurasian
steppe some 6,000 years ago [1] they have been selected for
strength, speed and endurance-exercise traits. This process has
been uniquely augmented in Thoroughbred horses, which for four
centuries have been subject to intense artificial selection for
system-wide structural and functional adaptations that contribute
to athletic performance phenotypes. As a result Thoroughbreds
possess a range of extreme physiological characteristics enabling
both high anaerobic and aerobic metabolic capabilities. In
comparison to other athletic species of similar size, the aerobic
capacity or maximal oxygen uptake (VOg,,.y) of Thoroughbreds is
superior (>200 ml Oy/kg/min) [2,3,4] and is achieved by a
remarkable oxygen carrying capacity and delivery facilitated by
structural and functional adaptations involving the respiratory and
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cardiovascular systems [5]. Specifically, some of these adaptations
include a large lung volume, high maximum haemoglobin
concentration and cardiac output as well as a large muscle mass
(approximately 55%) to body weight ratio, high skeletal muscle
mitochondrial density and oxidative enzyme activity and large
intramuscular stores of energy substrates (primarily glycogen) in
which equivalent concentrations are only achieved in human
skeletal muscle after carbohydrate loading [6,7,8,9]. Similar to
humans, the VOq,,,,, in horses is usually limited by oxygen supply
to the mitochondria rather than by mitochondrial oxidative
capacity [10], with the respiratory system in horses unable to meet
the metabolic demands of exercising muscle [11,12].

Although the physical and physiological adaptations contribut-
ing to elite athleticism in Thoroughbred are well described, the
genes contributing to an athletic phenotype have not yet been
identified. Domestic animal species provide valuable opportunities
to identify genes underlying phenotypes that have been strongly
selected because discrete breeds have arisen relatively recently
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from a small number of founder animals. The Thoroughbred
population is a closed population established in the 16™ and 17"
centuries from crosses between local Galloway and Irish hobby
horses with imported Eastern stock [13]. As with many
domesticates, the Thoroughbred originates from a small number
of founders; just one founder stallion contributes to 95% of
paternal lineages and ten founder mares account for 72% of
maternal lineages [14]. However, despite a limited number of
founders and strong selection for racetrack performance some
35% of variation in performance is heritable [15,16]. These
population demographics coupled with intense recent selection for
athleticism offer a unique opportunity to identify genomic
contributions to exercise-related traits.

A number of approaches may be taken to identify genes
underlying phenotypic adaptations. Whereas a candidate gene
approach requires a priori knowledge of gene function and linkage
mapping requires information about familial relationships as well
as access to samples from large numbers of relatives, hitchhiking
mapping using population genetics-based approaches evaluates the
effects of natural or artificial selection across whole genomes in
populations of unrelated individuals that have been subjected to
differential selection pressures for the trait or traits of interest
[17,18,19,20]. Although it is generally considered that microsat-
ellites themselves will not be subject to selection, loci closely linked
to the microsatellites will influence their population genetic
behaviour [17,18,19,21,22,23]. Therefore we have employed a
hitchhiking mapping approach to identify signatures of positive
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selection in the Thoroughbred genome and to localise genomic
regions containing genes influencing exercise-related phenotypes.

Results

Identification of selected genomic regions

The Ewens-Watterson test statistic identifies positively selected
marker loci by evaluating significant deviation from expected
heterozygosity (Dh/sd) at individual loci in a single population
[24,25]. Loci experiencing the greatest selection pressures can be
found in the extreme tail-ends of empirical distributions [26].
Considering the empirical distribution for Dh/sd (Figure 1) we
identified 18 loci in the tail-ends of the distribution (£<<0.01) in
Thoroughbred representing <5% of all loci. At the negative end
of the distribution 17 loci had Dh/sd<—3.5 (P<<0.01) and 55 had
Dh/sd<—2.0 (P<0.05). Whereas loci lying at the negative end of
the Dh/sd distribution have been subject to positive selection, the
positive end of the distribution indicates the effects of balancing
selection where two or more alleles are maintained at higher
frequency than expected under neutral genetic drift. One of fifteen
loci with Dh/sd>1.5 deviated significantly (P<<0.01) from
expectation. Three (CORI101, NVHEQ040 and AHT023) of the
selected loci also had significant deviations from neutrality in
Connemara and one locus (AH7025) was monomorphic in Akhal-
Teke.

Studies in other species have shown positively selected genes to
have unusually large differences among populations and therefore
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Figure 1. Empirical distribution for Dh/sd. The empirical distribution for Dh/sd scores (horizontal axis) from the Ewens-Watterson test. The
vertical axis indicates the number of loci with the corresponding Dh/sd score. The positions in the distribution of the regions that have been subject
to selection in Thoroughbred are indicated by the gene symbols for the strongest candidate genes. Genes in the negative tail-end of the distribution
may have been subject to positive selection. Genes in the positive end of the distribution may have been subject to balancing selection.

doi:10.1371/journal.pone.0005767.g001
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targets of positive selection may also be identified at the extreme of
the distribution for global Fsr [17,26,27,28,29]. The Ewens-
Watterson test is particularly useful for highly polymorphic loci,
such as microsatellites, because it is a function of the number of
observed alleles. The Fgr statistic however does not rely on loci to
be highly polymorphic and by evaluating differences among
populations rather than in single populations complements the use
of the Ewens-Watterson test. We therefore used a combined Fgt
versus Ho approach to identify genomic regions that have been
targets for positive selection in Thoroughbred. Plotting Fsr versus
Ho at each locus in each population revealed a cluster of outlier
loci with high Fgt and low Ho unique to Thoroughbred (Figure 2).
The mean global Fgpr was 0.12, much lower than has been
reported for dog breeds where the mean Fgy calculated from single
nucleotide polymorphism (SNP) data is 0.33 [30]. Over all loci
mean Ho was lowest in Thoroughbred (Ho =0.536); for the other
populations surveyed: Ho=0.587 (Akhal-Teke), Ho=0.630 (Con-
nemara) and Ho=0.672 (Tuva) (Table 1). Another indicator of
population genetic diversity, the mean number of alleles sampled
per locus, was not lowest in Thoroughbred (4.6 SEM*0.09) but in
Akhal-Teke (4.0 SEM=*0.08) and was greatest in Tuva (5.0
SEM=0.10). When all populations were considered together the
mean number of alleles per locus was 6.7 SEM*0.13. Population
differentiation may arise because of random genetic drift and Fsr
may be influenced by unequal sample sizes. Therefore, using a less
stringent significance threshold (P<<0.05) for the Ewens-Watterson
test we identified nine of the high Fgr loci that also had a
deficiency in heterozygosity in Thoroughbred. Inter-population
Fsr and Thoroughbred Ho was plotted across chromosomes
containing the nine most strongly selected loci (Figure 3). Four loci
met the more stringent significance (P<0.01) in the Ewens-
Watterson test. Three loci were common to both tests and one was
just below the threshold (Dh/sd= —3.5) for inclusion by the
Ewens-Watterson test (Dh/sd = —2.9). The empirical distribution
for Fgr is shown in Figure 4. Of the highest ranked loci in the
Ewens-Watterson test, two were almost significant (COR008 and
AHTO006, P<0.1), two were significant (NVHEQ079 and TKY316,
P<0.05) and one was highly significant (7TAY222, P<0.01) for the
Fgr test.

Functional ontologies in selected regions

Normally, selection does not act on microsatellites per se, but
rather on genes to which they are linked by proximity. Therefore,
the closest flanking loci meeting neutral expectations were used to
define the regions harbouring putative selected genes; although we
expect selected genes to lie closer to the central locus than either
flanking loci. Linkage disequilibrium is expected to decay within
1-2 Mb in Thoroughbred [31], however a strong selective effect
could sweep loci that are located considerably further away. We
interrogated the horse genome sequence (EquCab2.0) for genes in
the highest ranked regions deviating from expected heterozygosity
in Thoroughbred. This analysis included the outlier Fgy regions
confirmed as selected regions in the Ewens-Watterson test as these
were the best candidates to contain genes under selection in
Thoroughbred. In a list of 765 genes located in the 19 regions we
searched for gene ontology (GO) terms that may be important for
exercise-related athletic phenotypes. GO Biological Processes,
Cellular Compartments and Molecular Functions were returned
for 592 genes using the Homo sapiens GO database [32]. Genes with
functions in 67 GO Biological Processes and 32 GO Molecular
Functions (Table S2) were found significantly more frequently
than expected (P<<0.05) for all searched (functionally annotated)
genes (n=15,360). GO terms that may have functional relevance
for selection in Thoroughbred are listed in Table 2.
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We refined the complete list of genes in selected regions to a list
of 87 candidate genes (85 had functional annotations on the H.
sapiens GO database) that had the following (select) GO Biological
Processes (containing more than five candidate genes): anatomical
structure development; blood vessel development; carbohydrate
metabolic process; carboxylic acid metabolic process; generation
of precursor metabolites and energy; glucose metabolic process; G-
protein signalling, coupled to IP3 second messenger (phospholi-
pase C activating); insulin receptor signalling pathway; muscle
development; positive regulation of catalytic activity; skeletal
development and transmembrane receptor protein tyrosine kinase
signalling pathway. Six KEGG pathways were among the list of
candidate genes and included fatty acid metabolism, oxidative
phosphorylation and regulation of actin cytoskeleton.

The Fgr statistic was used to identify genomic regions that
distinguished Thoroughbred from non-Thoroughbred. Because
Fsr may be influenced by unequal sample sizes, we limited our
search for genes of interest to the nine high Fsr regions that also
had significant deviations from expected heterozygosity in
Thoroughbred. Gene ontology (GO) terms for Biological Processes
returned 369 genes using the H. sapiens GO database. Genes with
functions in 35 GO Biological Processes and 21 Molecular
Functions (Table S3) were found significantly (P<0.05) more
frequently in this gene list than expected for all searched
(functionally annotated) genes (2=15,360). GO terms that may
have functional relevance for selection in Thoroughbred are listed
in Table 3.

As for the selected regions identified by the Ewens-Watterson
test, the complete gene list was refined to a candidate gene list of
74 genes (72 had functional annotations on the H. sapiens GO
database) that had the following (select) GO Biological Processes
(containing more than five candidate genes): alcohol metabolic
process; blood vessel development; lipid metabolic process; muscle
development; skeletal development; steroid metabolic process; and
transmembrane receptor protein tyrosine kinase signalling path-
way. Twelve genes localised to the mitochondrion of which seven
were specifically localised to the mitochondrial inner membrane.
Three KEGG pathways were found among the list of candidate
genes and included Type II diabetes mellitus.

As well as genes within related categories, the candidate gene
lists contained genes that had no known functional relatives. Genes
acting alone may have a singular strong selective effect and
therefore each candidate was considered individually. A full list of
candidate genes for each selected region is given in Tables 4 and 5.

Biological relevance of candidate genes

The region with the strongest signal for selection based on
population differentiation (Fgr=0.613, P<0.01) and low Thor-
oughbred heterozygosity was relatively gene-poor containing
annotations for only four genes: ANKH (ankylosis, progressive
homolog [mouse]), DNAHY5 (dynein, axonemal, heavy chain 5),
FBXL7 (F-box and leucine-rich repeat protein 7) and 7RIO (triple
functional domain [PTPRF interacting]). Considering the mark-
edly lower heterozygosity in Thoroughbred (/o =0.032) compared
to non-Thoroughbreds (Akhal-Teke Ho=0.677; Connemara
Ho=0.426; Tuva Ho=0.583) we expected to find a gene subject
to a particularly strong selective effect during Thoroughbred
development. The observed low heterozygosity in Thoroughbred
was not a function of the small number of detected alleles (n = 2) as
Connemara also had just two alleles. Mutations in dynein genes
(DNA11, DNAHS, and DNAH11I) have been linked to a common
cause of male infertility in humans, asthenozoospermia, which is
inherited in a dominant sex-specific manner [33]. Consequently,
DNAH5 may represent a good candidate for selection because of
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Figure 2. Fst versus heterozygosity. Fst (vertical axis) versus heterozygosity (horizontal axis) plots for Thoroughbred, Akhal-Teke, Connemara and

Tuva at 394 genome-wide microsatellite loci.
doi:10.1371/journal.pone.0005767.9g002

its role in male fertility. Among the nine high Fsr regions that also
departed from expected heterozygosity in the Ewens-Watterson
test, we found significant enrichments for genes in a number of
functional categories relevant to reproduction including gamete
generation, mating, sexual reproduction and spermatogenesis and
genes in these categories may also provide strong candidates for
selection for fertility traits.

The investigation of overrepresented functional ontologies
revealed a significant enrichment for genes with functions in the
phosphoinositide 3-kinase (PI3K) and insulin-signalling pathways
in positively selected genomic regions in Thoroughbred. Insulin
stimulates glucose transport to maintain glucose homeostasis via a
number of transcriptionally active signalling pathways [34].
Among these the PI3K pathway plays a key role in insulin-
stimulated glucose transport in skeletal muscle [35,36,37] via its
interaction with IRS1 (insulin receptor substrate 1) [38] and its
regulation by insulin of PIK3RI (phosphoinositide-3-kinase,
regulatory subunit 1 [alpha]) gene expression [33]. In type 2
diabetes (T2DM) regulation by insulin of genes via the PI3K
pathway is disrupted [39]. Among selected regions in Thorough-
bred we found PIC3C3 (phosphoinositide 3-kinase, class 3), IRS1
and PIR3RI, transcripts of which are dysregulated in skeletal
muscle from T2DM patients following stimulation with insulin
[38,40]. The insulin-receptor signalling pathway genes FOXO0IA4
(forkhead box O1A), GRB2 (growth factor receptor-bound protein
2), PTPNI (protein tyrosine phosphatase, non-receptor type 1),
SOCS3 (suppressor of cytokine signalling 3), SOCS7 (suppressor of
cytokine signalling 7) and STXBP4 (syntaxin-binding protein 4)
were also found in positively selected regions. The suppressor of
cytokine signalling (SOCS) proteins have been implicated in the
inhibition of insulin signalling by a number of mechanisms
including inhibition of IRS [41]. As well as IRS7, genes in the
T2DM KEGG pathway in selected regions included CACGNAIG
(calcium channel, voltage-dependent, T type, alpha 1G subunit)
and CACGNAIE (calcium channel, voltage-dependent, R type, alpha
1E subunit) within which polymorphisms have been linked with
T2DM [42].

At the tail-end of the distribution for deviation from expected
heterozygosity in the Ewens-Watterson test we found an extreme
outlier microsatellite locus (COR008, Figure 1). Two candidate
genes, ADHFE] (alcohol dehydrogenase, iron containing, 1) and
MTFRI (mitochondrial fission regulator 1), were identified among
16 genes in this 3.4 Mb region. MTFRI encodes an inner
mitochondrial membrane protein, previously known as CHPPR

Table 1. Population genetic diversity.

(chondrocyte protein with a poly-proline region), that promotes
mitochondrial fission [43]. The expression of MTFRI in mice is
highest in testes where it functions to combat oxidative stress [44].
Mitochondrial function and the management of reactive oxygen
species are important for favourable exercise responses and
therefore MTFRI may impose strong selection pressure in
Thoroughbred by protection of mitochondria-rich tissue against
oxidative stress.

The ADHFEI gene encodes hydroxyacid-oxoacid transhydro-
genase [45], the enzyme responsible for the oxidation of 4-
hydroxybutyrate (gamma-hydoxybutyrate, GHB), an energy
regulator that promotes the release of growth hormone [46]
during periods of sleep [47]. GHB has been used illegally as a
performance enhancing drug by human athletes [48,49]. The
expression pattern and function of ADHFEI in adiposity may be
relevant to its selection for exercise performance. In obese adipose
tissue and following treatment of 3T3-L1 adipocytes i vitro with a
PI3K inhibitor, LY294002 [50], ADHFEI transcripts are dysreg-
ulated [51]. ADHFEI is preferentially expressed in highly
metabolic tissues and transcript expression is highest in brown
adipose tissue [51]. The fate determination of common brown fat
and muscle precursor cells into brown adipose tissue is controlled
by the BMP7 (bone morphogenic protein 7) [52] and PRDMI16
(PRD-1-BF1-RIZ1 homologous domain containing 16) genes [53].
Although we did not find evidence for selection adjacent to the
PRDM16 gene region (the closest microsatellite loci were located
7.4 Mb and 23.8 Mb cither side), we found BA/P7 among selected
regions in Thoroughbred. This locus had no evidence for selection
in non-Thoroughbreds. This region corresponds to human
20q13.2-13.3, a well described obesity quantitative trait locus in
mouse [54]. A number of receptor (ACVRIB, ACVRZ,), signalling
(SMAD8) and downstream target genes (COX7B2) of BMP7 were
also among the selected regions. The bone morphogenic proteins
(BMPs) signal via binding to a heteromeric receptor complex
comprised of three type I and three type II transmembrane serine/
threonine kinases [55] including ACVR2A4 (activin A receptor, type
ITA). The receptor complex activates SMAD (mothers against
decapentaplegic Drosophila homologue) pathway proteins that
along with the p38 MAP kinase pathway are responsible for most
of the functionalities of BMPs [56]. In the single outlier region at
the positive end of the distribution for expected heterozygosity was
COX7B2 (cytochrome ¢ oxidase subunit VIIb2) an isoform of the
BMP?7 target gene COX7AI (cytochrome c oxidase subunit VIIa
polypeptide 1 [muscle]) [52]. In human populations BMPs and

Ave. no. alleles

Population Geographic origin n Ho sampled/locus SEM
Thoroughbred United Kingdom and Ireland 112 0.536 4.6 0.092
Akhal-Teke Turkmenistan 18 0.587 4.0 0.077
Connemara Ireland 17 0.630 4.5 0.086
Tuva Republic of Tuva 17 0.672 5.0 0.099

mean (SEM).
doi:10.1371/journal.pone.0005767.t001
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Horse population origins, number of individuals genotyped (n), average observed heterozygosity (Ho), mean number of alleles sampled per locus and standard error of
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Figure 3. Chromosome-wide Fst versus Thoroughbred heterozygosity. Fsr (solid line) versus Thoroughbred heterozygosity (dashed line)
plots across chromosomes for the nine highest Fsy regions with significant (P<<0.05) deviations from expected heterozygosity (Dh/sd) in
Thoroughbred. Loci defining selected genomic regions are highlighted. Left vertical axis: Fst; Right vertical axis: Thoroughbred heterozygosity;

Horizontal axis: chromosome position (Mb).
doi:10.1371/journal.pone.0005767.g003

receptor complex genes (BMP3, BMP5, BVIPR2 and ACVRI) also
have strong selection signatures [57]. The retinoblastoma protein,
encoded by the retinoblastoma gene (RBI) has also been reported
to be responsible for the control of adipocyte differentiation into
white or brown fat tissue [58] and RB! was also among the genes
found in the selected regions.

We detected one region that deviated very significantly from
neutral expectations for both the Fgt and Ewens-Watterson tests
that contained genes of particular importance, including PDK4.
The expression of PDE4 is co-ordinated by the transcriptional co-
activator PGC-la. via ERRa (estrogen-related receptor alpha)
binding [59]. PGC-1la, encoded by the PPARGCIA (peroxisome
proliferator-activated receptor gamma, coactivator 1 alpha) gene,
is a key regulator of energy metabolism that regulates insulin
sensitivity by controlling glucose transport via SLC2A4 (solute
carrier family 2 (facilitated glucose transporter), member 4;
previously GLUT4), drives the formation of oxidative muscle
fibres and co-ordinates mitochondrial biogenesis via its interaction
with nuclear encoded mitochondrial protein genes [60].

The regulation of glucose utilisation is tightly controlled by the
uptake of glucose by glucose transporters, the rate of glycolytic flux
and the conversion of pyruvate to acetyl-CoA in mitochondria via
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the catalytic function of the pyruvate dehydrogenase complex
(PDC). The critical rate limiting step in the oxidation of glucose is
the regulation of assembly of the PDC which is controlled by
pyruvate dehydrogenase kinase (PDK). PDK blocks the formation
of the PDC resulting in the beta-oxidation of fatty acids to acetyl-
CoA as the substrate for oxidative phosphorylation. Three genes
(PDR2, PDK3 and PDE4) of the four genes that encode PDK
isoforms are located in the positively selected regions in
Thoroughbred. Also, the PDR4 gene promoter contains a binding
site for the FOXO14 transcription factor, a key regulator of insulin
signalling in liver and adipose tissue. Single nucleotide polymor-
phisms in FOXO0I14 have been found to have a protective effect on
T2DM development and related phenotypes in humans [61].
FOXO014 was also found among the positively selected genomic
regions in Thoroughbred and its PDK4 promoter binding site
sequence is conserved in horse. The transcription factors FOXO1
and SMAD have also been shown to be responsible for myostatin
gene regulation and therefore play key roles in the regulation of
muscle growth [62].

Hypoxia is an important stimulus for exercise-induced func-
tional changes in skeletal muscle enhancing oxygen delivery and
utilisation [63] by the activation of downstream genes of the

ACTA1
ACTN2
ACSS1 PDK4 DNAHS
v

0.35 0.40 0.45 0.50 0.55 0.60

Figure 4. Empirical distribution for Fsy. The empirical distribution for global differentiation, Fst (horizontal axis). The vertical axis indicates the
number of loci with the corresponding Fst. The positions of the regions that have been subject to positive selection in Thoroughbred are located in
the tail-end of the distribution and are indicated by the gene symbols for the strongest candidate genes.

doi:10.1371/journal.pone.0005767.g004
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master regulator of oxygen homeostasis HIF-1a (hypoxia inducible
factor-1 alpha) [64]. In humans, sequence variation in HIFIA has
been associated with VOg,,., [65]. Angiopoiesis is one of the many
adaptations effected by HIF-la signalling [66,67]. Three genes
with roles in angiogenesis, ANGPT2 (angiopoietin 2), ANGPTLI
(angiopoietin-like 1) and VEGFC (vascular endothelial growth
factor C) were among genes in the selected regions. Also,
ANGPTL3 (angiopoietin-like 3) was in the region defined by
AHTI07 that was just outside the cut-off Fsr=0.3, but was
significant (Fg1=0.279, P<0.05). The gene encoding HIF-la
(HIF14) is located 7.2 Mb from the nearest microsatellite locus
(UM012) at the proximal end of ECA24. Although UMO012 was
marginally outside the highest ranked regions (Dh/sd=—2.9,
P<0.05) in the Ewens-Watterson test it did have a significant
(P<<0.05) reduction in heterozygosity and also had a higher Fgr
(Fs7=0.215, P=0.10) than six of the nine Fgr regions that had
very significant (P<<0.01) Dh/sd scores. Therefore, the genomic
region containing HIFIA can be considered to have a moderate
signature of positive selection. Another adaptation mediated by
HIF-1o is the induction of glycolytic flux although we found no
evidence for a significant abundance of glycolytic genes among the
positively selected regions and no strong candidates were identified
in this functional category. On the other hand, HIF-1o and PCG-
loe have both been reported to induce COX4 (cytochrome c
oxidase subunit 4) protein in human skeletal muscle [68,69,70].
Cytochrome c¢ oxidase (COX) is a multi-subunit enzyme
(Complex 1V) that catalyzes the electron transfer from reduced
cytochrome ¢ to oxygen in mitochondrial respiration. Mitochon-

@ PLoS ONE | www.plosone.org

Table 2. Overrepresented gene ontologies (Dh/sd).

GO Biological Process GO Identifier Number of genes P Fold enrichment
Phosphoinositide-mediated signalling G0:0048015 13 0.000 3.2

Insulin receptor signalling pathway G0:0008286 7 0.002 5.0

G-protein signalling, coupled to IP3 second messenger G0:0007200 10 0.003 34

(phospholipase C activating)

Spermatogenesis G0:0007283 18 0.005 2.1

Skeletal development GO0:0001501 18 0.007 2.0

Porphyrin biosynthetic process G0:0006779 4 0.035 5.5

Peptidyl-histidine phosphorylation G0:0018106 3 0.035 9.7

Response to hydrogen peroxide G0:0042542 4 0.039 5.2

Lipid transport GO:0006869 9 0.049 22

Muscle development G0:0007517 12 <0.1 1.8

Response to reactive oxygen species G0:0000302 4 <0.1 3.8

Cellular lipid metabolic process GO0:0044255 32 <0.1 13

GO Cellular Component

Mitochondrion G0:0005739 56 0 15

Sarcoglycan complex G0:0016012 3 0.027 11.1

GO Molecular Function

Diacylglycerol kinase activity G0:0004143 5 0 9.1

Pyruvate dehydrogenase (acetyl-transferring) kinase activity G0:0004740 3 0.008 204

Oxidoreductase activity, acting on peroxide as acceptor G0:0016684 5 <0.1 3.2

Electron donor activity G0:0009053 2 <0.1 27.3

Phospholipid transporter activity G0:0005548 4 <0.1 3.8

Gene ontology biological processes, cellular components and molecular functions that were significantly overrepresented among genes within selected regions and
may be relevant to Thoroughbred selection. The complete list is given in Table S2. Selected regions were defined by deviation from expected heterozygosity (Ewen-
Watterson test) in Thoroughbred and included the four high Fsy regions that had highly significant (P<0.01) reductions in Thoroughbred heterozygosity. The table
shows the number of genes in each functional group, P-value for significance of over-representation and fold-enrichment.

doi:10.1371/journal.pone.0005767.t002

drial function is dependent on the proper assembly of electron
transport chain complexes. Nuclear encoded COX4 is responsible
for the regulation and assembly of mitochondrially encoded
subunits of Complex IV on the inner mitochondrial membrane
[69]. COX41] was found among the positively selected regions in
Thoroughbred along with nine other genes with roles in the
KEGG oxidative phosphorylation pathway. In human skeletal
muscle, COX4 mRNA levels have been shown to be associated
with mitochondrial volume and, by extension, VO [71].

The most important role of mitochondria is the generation of
ATP accomplished by the oxidative phosphorylation of acetyl-
CoA arising either from glycolysis or fatty acid oxidation. We
found one locus (COR00I) that appeared to be fixed in
Thoroughbred while retaining diversity in non-Thoroughbred
populations; three alleles were sampled in Connemara. Notably,
heterozygosity was also markedly low in Akhal-Teke. The region
defined by this locus contained 49 genes, but only one good
candidate for selection, the gene encoding acyl-CoA sythetase
(ACSS1, acyl-CoA synthetase short-chain family member 1). Acyl-
CoA synthetase has been suggested as a key control factor in the
oxidation of fatty acids [72]. We also found a significant
enrichment for genes with specific functions in fatty-acid
metabolism and lipid transport among positively selected regions.

Since muscle plays a key role in Thoroughbred performance
and may be particularly important to distinguish Thoroughbred
[73,74], we searched all high Fsp regions for genes with GO
Biological Processes relevant to muscle structure and function
including: adult somatic muscle development, muscle cell
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differentiation, muscle contraction, muscle development, muscle
fibre development, muscle system process, myoblast differentia-
tion, negative regulation of muscle development, regulation of
muscle contraction, regulation of muscle development, skeletal
muscle development, skeletal muscle fibre development, smooth
muscle, smooth muscle contraction, somatic muscle development,
striated muscle development and structural constituent of muscle.

Among the 20 muscle-related genes identified were ACTAI
(actin, alpha 1, skeletal muscle) and ACTN2 (actinin, alpha 2) that
are located 2.8 Mb and 3.6 Mb respectively from TEY015 that
defined the region with the second highest inter-population
differentiation (Fg1=0.452, P<0.01) and comparatively low
diversity in Thoroughbred (Ho=0.274). Alpha actin protein is
found principally in muscle and is a major constituent and
regulator of the contractile apparatus [75,76]. Mutations in
ACTAI have been found to disrupt sarcomere function in patients
with congenital fibre type disproportion [77] and other muscle
weakness pathologies [78]. In skeletal muscle o-actinin is
responsible for cross linking actin filaments between adjacent
sarcomeres and is known to interact with PI3K [79]. Polymor-
phisms in the gene encoding o-actinin 3 (AC7TN3) are among the
best characterised athletic-performance associated variants in
human endurance athletes [80,81,82] and evidence for positive
selection in the genomic region surrounding ACTN3 has been
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Table 3. Overrepresented gene ontologies (Fsy).

GO Biological Process GO Identifier Number of genes P Fold enrichment
Spermatogenesis G0:0007283 13 0.007 25

Cellular calcium ion homeostasis GO:0006874 9 0.008 3.1

Porphyrin biosynthetic process GO0:0006779 4 0.009 838

Sexual reproduction G0:0019953 16 0.001 2.0

Skeletal development GO0:0001501 12 0.022 2.1

Anatomical structure formation GO0:0048646 10 0.029 23

Hydrogen peroxide catabolic process GO0:0042744 3 0.032 10.4

Regulation of osteoblast differentiation GO0:0045667 3 0.037 9.6

Hydrogen peroxide metabolic process GO0:0042743 3 0.043 8.9

Mating GO0:0007618 3 0.043 8.9

Regulation of catalytic activity G0:0050790 19 0.047 1.6

Insulin receptor signaling pathway G0:0008286 4 <0.01 4.6

Muscle development G0:0007517 9 <0.01 2.1

Response to oxidative stress G0:0006979 6 <0.01 2.6

Actin filament organization GO0:0007015 4 <0.01 3.9

Detection of temperature stimulus GO0:0016048 2 <0.01 20.8

GO Cellular Component

Mitochondrion GO0:0005739 34 0.025 15

Cortical actin cytoskeleton G0:0030864 3 <0.01 6.7

GO Molecular Function

G-protein-coupled receptor binding G0:0001664 7 0.008 4.0
Oxidoreductase activity, acting on peroxide as acceptor G0:0016684 5 0.014 53

Pyruvate dehydrogenase (acetyl-transferring) kinase activity G0:0004740 2 <0.01 223

KEGG Pathway

Focal adhesion hsa04510 10 <0.01 1.8

Gene ontology biological processes, cellular components, molecular functions and KEGG pathways that were significantly over-represented among genes within
selected regions and may be relevant to Thoroughbred selection. The complete list is given in Table S3. Selected regions were defined by the nine high Fsr regions that
had significant (P<<0.05) reductions in Thoroughbred heterozygosity. The table shows the number of genes in each functional group, P-value for significance of over-
representation and fold-enrichment.

doi:10.1371/journal.pone.0005767.t003

reported in humans [83]. While ACTN3 is expressed principally in
fast muscle fibres ACTN2 is more widely expressed in skeletal and
cardiac muscle. ACTNZ is structurally and functionally similar to
ACTN3 and it has been suggested that ACTN2 compensates
function in the absence ACTN3 [84]. Interactions between actin
(and tubulin) and the cytosolic chaperonin CC'T' [85,86] have been
described suggesting co-evolution to facilitate protein folding [87].
PCYTIB (phosphate cytidylyltransferase 1, choline, beta), the gene
encoding CCT-beta, was 600 kb from LEX026 that defined a
2.9 Mb region that had a significant reduction in expected
heterozygosity in Thoroughbred (Dh/sd = —3.89, P<0.01).
Finally, among the muscle-related genes in the high Fgr regions
we found three (SGCA, SGCE and SGCX) that encode transmem-
brane protein members (o, B, v, 9, €, and {) of the sarcoglycan
complex [88]. A fourth sarcoglycan gene (SGCB) was found in the
single region (LEX007) with evidence for balancing selection in the
Ewens-Watterson test. The sarcoglycan complex is found
associated with the dystophin-glycoprotein complex located at
the sarcolemma of cardiac and skeletal muscle cells linking the
contractile apparatus of the muscle with the lamina [89] thus
providing a mechano-signalling role. Mutations in any one of the
sarcoglycan genes destabilises the entire sarcoglycan complex [88].
Loss of sarcoglycan function leads to progressive loss of skeletal
myofibres or cardiomyocytes such as that seen in patients with

June 2009 | Volume 4 | Issue 6 | 5767



Genome Scan in Thoroughbred

#003'£9/50002uod"[ewnof/LZ£1°0L:I0p

'suoibal Y10q 10} paisi| sausb d1epIpued UOWIWOD AAY Ul Bunjnsas ‘depsAo suoibas pauysp JI9Yl pue /|yD3 uo Juddelpe paledo| aie 9/ [N PUe 6/00IHAN 1907 ‘USAID sI uoibais pauysp yoes uiyum paledo|
(uonejouue [euondUNy suaIdpPs OWOoH YUM) sauab Jo Jaquinu 3yl (6Z0D0FHAN PUB ZZZANL ‘9LEAML) G |9eL Ul pailsl| suoibal 154 1saybiy ay1 Huowe punoy os|e a1am 20| 934y 'SNDO| Ydea e uolenualayip uoneindod-iaiul a1edipul
0] UMOYS Os|e aJe sanjeA 154 'umoys ale (4) sanjea acuedyiubis [edIsiels pPaledosse ay) pue (ps/yd) Al1sobAzoislay pal1dadxa wolj uonelAsp ‘(gs) uoneinsp piepuels ‘() AlisobAzoialay paidadxs ‘(0H) AlsobAzoislay paniasqo
‘(0) s3|3||e PaAISSO Jo Jaquinu ‘(u) padAlousb sawosowolyd paiqybnoioy] Jo Jaquinu Y] ‘SNJO| [eAUd Y3 buuely 120] Ag paulep sem uolbai pa1d3|as ydeg ‘(1S 3|gel) ¥DdD 02yIs Ul Ag pauIwia1ap a4am suonisod Jiy) pue
S9WOSOWOJYD 0] PasI[eD0| dIDM 1207 “1S41) P1SI| SI UOIIDD|DS 104 ADUIPIAS 1596U0IIS YL YUM SNDO| BY) ‘2100s ps/yg Aq payues paiqybnoioy] ul uonds|ds aAisod 01 133[gns uaaq aAey 1eyl suoibas ulyum paledo| sausb alepipued

gJ9S ‘79/X0D 6C SN £20°0 £00°0 YL 80L°0 6450 SvL0 14 [44} 86-6L L8 € £00X317
14S ‘3DDS V64 lddd
‘LY1SdAD ‘21702 ‘4D1VD 1z 9900 €5T0 £00°0 LySe— 8500 6SL°0 7SS0 L 08l 9'8E-€CE 1443 14 9001HY
Zv10NS 0£VsTITS
‘11331 “1d93 "€HdVIA ‘H¥DA o SN S8L°0 £00°0 095°€— 500 6S2°0 £95°0 L [4%4 V'lv-£0¢C 8'¢C L1 9LLNN
44510
‘8AYWS ‘0£VSZD1S ‘SLVYSZITS
‘LdD7 'YZHIH ‘V1OXO4
“1d93 ‘€HdVIQ ‘HX¥DAa $O1Y 6L 8100 08€°0 £00°0 209°€— 80L°0 TLS0 ¥81°0 14 0C 8'€T-T0lL 20T Ll 6/003HAN
SYSEDTS
'2ax21d 209 ‘VIA9dLY 24 SN 6€0°0 £00°0 IW9E— 6900 SLL0 €9t°0 9 9le 8'Sy—-6'0t (494 6l L108sy
ZINOYL ‘TXHTD ‘TLIVOES 9l SN Lo €000 s59e— L0 9950 0SL°0 14 (4114 '€C-88L °y44 o€ £C01HY
VLAS ‘€DEMId S SN 0€L’0 0L00 989°€— SL00 9LL0 R440) 9 [44} €v9-5'LS v9 8 6SEANL
L)MHdS ‘€SD0S ‘LS5d
‘794D ‘Td1¥D “IXTVYD ‘¥Xad
"£20X3 ‘994D 'HSdLY ‘LXODY LL SN 0sL0 £00°0 8178'€— S/00 vLL0 Pra 4] 9 c0¢ SOoL-L'¥ L'6 LL 0¥00FHAN
£4ad ‘g11ADd 6 SN 0¢00 9000 068°€— 8800 G990 e S 8Ll S'lc—9'8L o6l X 9c0xa7
LYENId "ELYANAN ‘gz4IN 13 SN 0910 5000 956'€— 1600 7590 0670 S 6l 80L-t'€ LS 1z 6501HY
vdvdd 43D 9 SN 8600 €000 vy — L¥0'0 68L°0 1650 8 (44 LTty L'ey 8¢ $Zy03aodn
LYWIW ‘02494 ZLOND 4" SN 8¥L'0 £00°0 L€y — 200 €10 €6€°0 9 Ile §'Lz-1'0z 8'0C a4 SLEML
INdLd ‘IXDd
‘I0d ‘LYYTdAD ‘LdNE ‘S1TVOYg o SN SELO ¥00°0 vy — 980°0 £L59°0 €420 S 061 09v-9°LE ot [44 LYOSWH
SNYdSL ‘234IdS ‘AW ‘VINYIN
SNT¥D ‘L14X04 ‘NOW3I ‘Ivd4i3
'V4AD ZINdD ‘LIFXOD ‘OHAY €9 SN 8L0°0 000 ¢SLYy— 0£0°0 JAVA() 78€°0 9 oLe Cly-9'LE €9¢ € £50X31
AVDLI ¥YO1I 'SdOV €€ SN 8LL°0 L00'0 U8y — L¥0°0 0620 €990 8 8.1 SE€9-TYS L'6S 8l L0L140D
£LYseo1S
ID5S ‘V6¥lddd ‘INOd ¥Xdd
‘LILDNAQ 9X7Q ‘SX7d ‘LY 1SdAD
‘LLTYDLD YDTVD ‘6NDY [43 S00°0 0S¥°0 0000 L119— G800 959'0 €€L0 S 9lc L'ov—vve 9'8¢ 14 2L
535N DNL
‘LdIAS 'LSDLd '8Y4INAN HSNW
'H@vg11 ‘TIaSH ‘NSO ‘LDIA9dLY L9 0¢00 [4330] 0000 SLL9— 8900 SLL0 ¥ST0 9 991 1'8Z-£'Sl JAT4 14 9LEML
LY4IW “134HaY 9l 1900 85C°0 0000 9€V'6— L¥0°0 0780 LEV'O 6 8¢l €0C-691 6'8L 6 800400
sauab ajepipue)d uoibai ul d 184 d ps/ua ‘as oH OH oY u [CI7)] (qw) o'zqedb3 4D snd>o7
sauab ‘oN paywijap uoibay uoneso

“(Ps/yq) suoibai pa3dalas Ul sauab ajepipue) f a|qel

@ PLoS ONE | www.plosone.org

June 2009 | Volume 4 | Issue 6 | 5767

10



Genome Scan in Thoroughbred

120] USASS pue _uw‘_ﬂr_mzo\_op\_.h ul u_r_Q‘_OEOCOF_ SeM SNDO| 3UQ *(S0'0>d) euad ucw_wc_‘_um SS3| B 19W (0S5 L THA PUB S0EANL ‘TE0HOD L613NINN ‘LZ0LHY) @A) 3)Iym sa10ds ps/yd (LO'0>d) ue

S00Y'£9£5000"2u0d [eusnof/L£€1°0L:10P
'sauab pa1dalas A|Buosls Jo Jaquinu e uleuod Aew eyl uolbal q 8 e Buluyap J19Y1abol /1yDI Uuo 9/ 1NN PUe 6/0DIHAN O3 Juadefpe
Pa1e20] SI ZE0YOD VDI UO g €8 18 pPa1ed0| si ‘[£€1] dshow ul A11SaCo Yum pajeldosse “(uinda) 437 4oAemoy ‘sausb alepipued 1oy yoieas Ajgeuoseal o) (N 9€ pue g 6€) 961e| 001 PaIaPISU0Dd UM (Z€0¥0D PUe 600D.1H Aq
paulap) suoibal om] "UIAIG sI UoIBI PaURIP Yded UIYIIM PaIedo| (UOII_IOUUR [RUOIIDUNY SUSIADS OWOH YIIM) SUSH JO JIaquinu 3y 1S9} UOSIa1IeA\-SUIMT 3y} Ul A1Is0BAz0oIa1aYy paidadxa woly (S)) SUoilelIAdp Juediiubis aAey Jou pip

ubis AlYb1y pey (9LEANL PUe 6/00IHAN

‘EE0ANL ‘TTZANL) 120] 104 “A1Is0bAZzo1913Y paldadxa woly uolieirsp uolejndod uiyiim a1edipul 01 USAIB a1e paiqybnoioy] J10) saNjeA-4 PIIRIDOSSE PUR S3102S PS/Yd SNJ0| [eIlUdd Yl Bunjueyy 10| Aq paulyap sem uoibal pa1dad|as yoeg

‘(1S 9]9el) YDdd 02yjis ul Ag PIUIWIIDP 2I9M SUO!

od J19Y1 pue SSWOSOWOIYD 0 Pasi|ed0| dIdM 1207 "Papn|dul a1dm paiqybnoloy] ul A1S0bAZo1219Y 1S9MO| YIIM 1207 "UMOYS e (1) BAN] pue (NOD) eJewauuo) ‘(HY) a31-[eyy

‘(g1) paiqybnoioy] Joj sanjea AIsobAzola1aH "1sily PI1S]| SI UOIIIB[AS 10) 9IUIPIAS 1596U0IIS aY) YIIM Sndo| B3 1S4 Aq pasjuel paiqybnoloy] ul uondajas aAnisod 01 193[ns Usag aey Jey) suoibal ulylIm paledo| sausb alepipued

gzyvIdd ‘9DdNd ‘1439d (14 SN T/T0— 6980 98,0 8.50 €l¥0  LY0'0  SOE0 (VAN SY 14 6Z0DFHAN
D493/ ‘TLdONY ‘S1YdDY YOV Ll [100 €98CT— 0TL0 L€90 OKSO ¥¥Z0 8E00 60€0  E€SE-€/C 96T LT 0SLTHA
[74:7/ 1% 0L  0L00 ¥EST— 8890 E€¥F0 190 900  9€00 60€0  6LE-LET I'Le 8l E0EANL
(aw L-9g) abue| 00} uolbai - €El00  695T— S0L0 €0TO0  S6¥0 €800 €€00 OLEOD  6658€ET vy L1 2£040D
(d37 sopnpul) (G 6€) db1e| 003 uoIbaI - SN 88/l— ¥¥L0 TTLO  8L¥O ¥8L'0  LE0'0  TLED  §'86-5'6S L'LL ¥ 6005.LH
1S4l ‘#¥#10D 02100 €L ¥l00  L/SCT— T6LO0 ¥SS0  €€S0 8/00 8200 SLEO  €LL-L¥l 09l 9 £612NWN
7255 ‘ge¥lddd Ll SN $S9'L— 1080 690 890 0660 SC00  9LED  L'0Z-9FL (VA4 040400
'NLWS ‘HLOAW ‘G8LOAW ‘8LdLN ‘€YWL ‘L¥9XOD ‘SAYIV ‘GOVDV €€l SN 09€L— S6S0 /Z90 ¥/S0 SYT0 €200 6LEO '¥1-0 9T 8 SZOLHY
D29N DNL ‘LdIAS ‘1SDLd ‘8Y4NAN NSNW ‘HArGLT ‘TTIASH ‘NSO ‘IDINdLY [9 0000 S/L9— 9€L0 8TSO  ¥¥90 ¥ST0 0200  TSEO 1'8C-L'SlL VA TANN T4 9LEMNL
zvoNSs ‘8avws
'0€v52D1S ‘S1YSZITS ‘19Y ‘LdDT 'VZd1H ‘'V1OXO4 “1d93 ‘€HdYId ‘HYDA ‘SOTY 6/ L000 TO9€E— ¥LLO €190  TSLO G8L'0 8L0O0 08€0  8€C-COL L0z /L1 6/003HAN
SINg 14! SN [E¥'l— $€90 0SL0 9550 €720 SL00  88€0 8'/5-95 8ss 0l S9ZNIN
ZLIAX
‘L1801 ‘dYDL ‘tX9L ‘PdIXLS ‘€AYVLS ZSD0S ‘L4SEDTS VIS ‘Lavsy ‘dlylddd
‘1DAX1d ‘LOHdSOHd ‘24Ad ‘d12d “£1d9SO ‘Za0YNIN ‘OdW ‘SZdWIW ‘OdT ‘tdd45I
‘1dgz4D1 ‘TTINAG ‘I¥DQa ‘L LXOD ‘LgNDVD ‘DIYNDYD ‘TUNTYDYE ‘L1DSdLY ‘VOVIV 80C TO00 9l6T— ¥¥S0 9190 9090 0£00 €L00 T6E0  L6E-6'LT 89¢ LI EE0MIL
11YOS ‘IDNIdY3S
‘9Xadd “1dN ‘TLYNWN ‘2OWYT ‘2aSZL19 ‘TLYNDVD ‘SDddY ‘L1LdONY 909DV €/ TW00  LSL'C— ¥LS0 0050  €€9°0 €510 0L00  +O¥'0 8'17-8'L 44} S YZ0IHY
1SSV 6% = - 1Z10 0TS0 €900 0000 8000 €Z¥0 0'LL-0 [ 44 100402
£1V¥S52D1S 90D
V64 1ddd ‘INOd ‘vXAd ‘LILDNAQ ‘9X1d ‘SX1Q ‘LV1SdAD ‘LLTYDLD ‘YDTV¥D ‘6NDY 7€ 0000 ZLL'9— 660 SE90  £990 €€L'0  S000  0S¥0 L'Ov-t'vE 98¢ ¥ 2TTMIL
OZWWOL ‘1Sd9D “1DY TNLOY ‘LVIDV 6€ SN €91l'L— 9190 SES0  T¥SO ¥£T0 €000 TSVO0  +'9/-599 TlL L SLOAML
SHYNG 14 SN PE0'L— €850 9T¥0  £L90 TE00 0000 €L90  €8v-Stb L9 1T SSEMIL
nL NOD HY a1
sauap ajepipue)  uoibai d ps/ya AusobAzoi219H d 15 (Qu)  (qw) o'zqedba 4y sn>o1
ul ) pajwiPp uones>oq
sauab uoibay
‘oN

‘(£54) suoibal pa1dajes Ul sauab depipue) °g djqeL

@ PLoS ONE | www.plosone.org

June 2009 | Volume 4 | Issue 6 | 5767

1



autosomal recessive Duchenne-like muscular dystrophy [90].
Mutations in SGCE cause myoclonus-dystonia syndrome [91]
and penetrance is influenced by paternal expression of the gene
[92,93], while defects in SGCA cause limb girdle muscular
dystrophy [94]. The dystrophin-glycoprotein complex contributes
to the integrity and stability of skeletal muscle by its association
with laminin receptors and the integrin-associated complex in the
costamere [89]. Focal adhesion complexes form part of the
costamere [for review see: 95]. Among the positively selected
regions determined by high Fgr we found a significant enrichment
for genes in the KEGG focal adhesion pathway. These genes
included TNC (tenascin C), TNV (tenascin N), TNR (tenascin R),
LAMC? (laminin, gamma 2), COLIA2 (collagen, typel, alpha 2),
COL4A44 (collagen, type 4, alpha 4) and /7GA3 (integrin alpha 3).
TNC (tenascin C) may be particularly important for muscle
integrity because of its role in the protection against mechanically-
induced damage [96].

Discussion

Intense artificial selection for racetrack performance has
resulted in an exercise-adapted phenotype leaving signatures in
the Thoroughbred genome that we have revealed using population
genetic methods. Genes for exercise-related physiology as well as
sexual reproduction seem to have been subject to the strongest
selection pressures. We have identified a number of candidate
performance genes that may contain variants that could
distinguish elite racehorses from members of the population with
less genetic potential for success. Revealing such polymorphisms
may aid in the early selection of young Thoroughbreds in the
multi-billion dollar global Thoroughbred industry.

The presence of genes for a-actinin, o-actin and its chaperon,
CCT, and four of the six sarcoglycan complex genes as well as an
overrepresentation of focal adhesion complex genes in positively
selected regions in Thoroughbred suggest that selection for muscle
strength phenotypes has played a major role in shaping the
Thoroughbred. A better understanding of the role that these genes
play in the strength and integrity of muscle may contribute to
improved knowledge of mechanical sensing and load transmission
[97] and may impact treatment of musculoskeletal disorders in
humans.

Understanding genes selected for exercise-related phenotypes
has potential to impact human medicine in other areas. One of the
most notable findings was that positively selected genomic regions
in Thoroughbred horses are enriched for insulin-signalling and
lipid metabolism genes. There is a growing concern about the
rapidly increasing incidence of obesity and its pathological
consequences in the development of type 2 diabetes (T2DM)
among human populations in the developed world [98]. Insulin is
responsible for glucose homeostasis and insulin-resistance is a key
feature of T2DM [99]. In obese individuals, skeletal muscle
oxidative capacity and responsiveness to insulin are impaired
[100]. Therefore, identifying and understanding the molecular
functions of genes responsible for the control of fat metabolism and
insulin sensitivity holds great promise for the development of
pharmaceutical interventions for obesity and diabetes related
health problems. In humans, exercise training is a common
intervention to combat obesity [101] because physical exercise
stimulates skeletal muscle insulin activity and glucose transport
and the utilisation of free fatty acids as an energy substrate while
promoting oxidative capacity by increasing mitochondrial mass
and enhancing the development of oxidative muscle fibres [102].

Equine metabolic syndrome (EMS) is a recently described clinical
disease in which horses develop insulin insensitivity similar to that
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described for T2DM in humans [103,104,105]. In the same way,
management of EMS in horses requires a combination of exercise
and dietary modification towards a reduction in calories and a
substitution of carbohydrates with fat [104,105,106,107]. During
exercise, the rate of ATP generated to power muscle contraction is
determined by the metabolic fuel available (carbohydrate and fat)
which is either stored in the muscle (glycogen, triglycerides) or taken
from the circulation (fatty acids, glucose) [108]. Certainly, the
intensity and duration of exercise as well as diet will dictate the
relative contribution of the different substrates to fuel metabolism.
In horses, energy for low-intensity exercise is predominantly
obtained from fat whereas energy for high-intensity exercise has a
greater reliance on muscle glycogen [109,110]. Although equine
diets are typically high in carbohydrates and low in lipids, it has
been found that chronic adaptation to fat-fortified feeds confers
benefits to athletic performances of horses that may be due to
enhanced insulin sensitivity and fat utilisation [103]. It has further
been proposed that fat-enhanced diets may also sustain or enhance
other signalling functions of insulin receptors on glycolysis and lipid
utilization [111]. This possibility was supported by studies that
found that the lactate threshold as well as the peak lactate (indicative
of glycolytic activity) increased in Arabian horses adapted to a fat-
enhanced rather than a sugar-enhanced diet [112]. Fat-adapted
horses have been found to have faster times on the track [113] as
well as longer run times to fatigue and higher peak plasma lactate
concentrations [114].

Brown adipose tissue is distinct from white adipose tissue in its
ability to expend energy and generate heat rather than as a lipid
storage unit [115]. Until recently it was thought that brown
adipose tissue occurred only in mammalian infants (and in rodent
adults) but it is now thought that the metabolically active
mitochondria-rich tissue may be retained in adults [116] and
derives from a common precursor cell for muscle [52,53]. The
incidence of brown adipose tissue in young horses and its
persistence in adult horses, to our knowledge, have not been
reported. Positive selection for genomic regions containing genes
such as ADHFE] that preferentially functions in highly metabolic
tissues including brown adipose tissue, as well as two of the key
determinants of brown fat cell fate, BMP7 and RBI, and their
receptors and signalling molecules, raises the intriguing question of
whether Thoroughbred skeletal muscle retains brown fat-like
properties, thus providing a selective advantage. The retention of
brown fat into adulthood has been suggested as a mechanism to
combat obesity [52,53] and experimental increases in brown
adipose tissue in rodents has been associated with a lean healthy
phenotype [117].

The oxidation of fatty acids is highly efficient in the generation
of ATP and is controlled by the expression of PDK4 in skeletal
muscle during and after exercise [118]. Equine PDA% is located in
the genomic region that had the highest inter-population
differentiation as well as a highly significant deviation from
neutrality in the Ewens-Watterson test and is therefore one of the
strongest candidates for selection for exercise adaptation. The
location of the ADHFEI and ACSS! genes in two of the strongest
selected regions as well as a 2.2-fold overrepresentation of lipid
transport genes and an abundance of genes with specific lipid
metabolism function among positively selected genomic regions
suggests that Thoroughbreds have been selected for aerobic
energy production increasing flux through fatty acid oxidation and
electron transport. High concentrations of circulating fatty acids
have a disruptive effect on insulin signalling pathways causing
insulin resistance and the manifestation of T2DM in humans
[119]. It has been reported that Thoroughbreds have an enhanced
delivery of fat and glucose into skeletal muscle [103] and
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accumulate less fat than other horse breeds when fed the same diet
[73,120], which together may contribute to the naturally lean
athletic phenotype for which they are renowned. The presence of
genes that suggest a preference for the oxidation of fatty acids for
energy production as well as insulin-mediated molecular signalling
genes in the key selected genomic regions in a population that has
been strongly selected for exquisite adaptations to exercise strongly
supports the role of exercise in the prevention of obesity and the
protection against T2DM. While rodent models for obesity and
diabetes are well established [121,122], here we propose
Thoroughbred as a novel @ vivo large animal model that may
contribute to further insights into the complex molecular
interactions that serve to protect against obesity and related
pathological phenotypes that are influenced by exercise.

Materials and Methods

Horse Populations

Thoroughbred. A Thoroughbred is a registered racehorse
that can trace its ancestry to one of three foundation stallions (7%e
Darley Arabian, The Godolphin Arabian and The Byerley Turk) and one
of the approximately 30 foundation mares entered in The General
Studbook [123]. One hundred and twelve Thoroughbred horse
samples were chosen from a repository (n=815) collected with
informed owners’ consent from breeding, training and sales
establishments in Ireland, Britain and New Zealand during 1997
2006. In all cases pedigree information was used to control for
genetic background by exclusion of samples sharing relatives
within two generations. Also, overrepresentation of popular sires
within the pedigrees was avoided where possible. This work has
been approved by the University College Dublin Animal Research
Ethics Committee.

Non-Thoroughbreds. Fifty-two non-Thoroughbred samples
were selected from two likely founder populations for the
Thoroughbred: Akhal-Teke (2= 18), Connemara Pony (n=17);
and an ancient horse population, Tuva (n=17). Akhal-Teke horses
have been kept by Turkomen peoples in the geographic regions in
and surrounding Turkmenistan for centuries and they may have
contributed to the Thoroughbred through imported Eastern
stallions (For example, The Byerley Turk). The Connemara Pony
is an indigenous Irish horse population and was chosen to
represent ancestral local horses of Ireland and Britain as Galloway
and Irish hobby horses no longer exist. Tuva horses are an ancient
horse population originating the Republic of Tuva,
geographically located in the southern Siberian steppe, one of
the accepted centres of horse domestication [1].

in

DNA preparation

Genomic DNA was extracted from either fresh whole blood or
hair samples. Blood samples were collected in 7 ml Vacutainer
K3sEDTA blood collection tubes (Becton Dickinson, Franklin
Lakes, NJ). Hair samples with visible hair roots were collected in
airtight zip-lock bags. DNA was extracted using a modified version
of a standard phenol/chloroform method [124]. DNA concentra-
tions for all samples were estimated using a NanoDrop ND-1000
UV-Vis Spectrophotometer (NanoDrop Technologies, Wilming-
ton, DE).

Microsatellite markers

A panel of 394 equine microsatellites was genotyped; these loci
were selected from the most recent horse genetic maps
[125,126,127] to include markers, as far as possible, equally
distributed across the 31 autosomes (ECAI1-31) and the X
chromosome (ECAX) with no a priori knowledge of neighbouring
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genes. The physical chromosome positions of the markers were
localized by performing electronic PCR (ePCR) [128] using in silico
primer pairs (Table S1) on the FEquus caballus Version 2.0.
(EquCab2.0) genome sequence (www.broad.mit.edu/mammals/
horse/). Considering non-continuity among chromosomes there
were 363 gaps between loci. Almost 85% of the gaps were <1 Mb
with an average locus density of one every 5.7 Mb. The median
distance between loci was 4.1 Mb. In the case of dog breeds,
Pollinger et al. [17] suggest when loci are highly polymorphic then
even a moderately distributed (one locus every 0.8 c¢cM) set of loci is
powerful to detect selected regions while minimising Type 1 error.

Microsatellite genotyping

All polymerase chain reactions (PCR) were performed with an
annealing temperature of 57°C in a 13 pl reaction with 50 ng
DNA, 10xPCR buffer (Bioline USA, Randolph, MA), 150 uM
each ANTP (Roche, UK), 0.5 U one of four fluorescent labelled
tags (Dye Set DS-31 which contain blue dye 6-FAM, green dye
VIC, yellow dye NED and red dye ROX labelled at the 5" end
with either forward or reverse primer) (Applied Biosystems, Foster
City, CA), 1 U Immolase heat-activated thermostable DNA
polymerase (Bioline USA, Randolph, MA), 0.1 uM forward
primer and 0.25 puM reverse primer (Invitrogen, Carlsbad, CA)
and 2.0 mM MgCl, (Invitrogen, Carlsbad, CA). All PCR reactions
were performed using the MJ Resecarch DNA Engine® Dyad®
thermal-cycler (M] Research, Bio-Rad Laboratories, Waltham,
MA) and involved initial denaturation at 94°C for 3 min, followed
by 36 cycles of 30 s each at 94°C, 57°C and 72°C and final
extension 10 min at 72°C. Aliquots of 1 ul PCR products
amplified with four different colour dye labelled primers and
three different product sizes were pooled together to reduce cost
and increase efficiency. A total of 12 multiplexed PCR products
were separated in one well by capillary electrophoresis using the
ABI Prism 3700 fragment analyser (Applied Biosystems, Foster
City, CA). Raw genotype data were analyzed using GeneScan
software (Applied Biosystems, Foster City, CA) and alleles were
then scored manually with each allele being assigned an integer
value.

Population genetic analyses

Knowledge of genetic variation under neutral expectations
allows the identification of selection by assessing patterns that
depart from those observed under conditions of neutrality [26].
Whereas population demographic effects will influence the entire
genome, the key to this approach is that only a fraction of the
genome will be subject to selection, and this can be detected as
deviations from allele frequency expectations assuming neutrality.
A number of statistical approaches can be applied to identify
genomic regions that differ significantly from the remainder of the
genome. Selection of advantageous allelic variants in certain
populations can rapidly influence the frequency of alleles in a
population, leading to differential allele frequency spectra at loci
involved in the trait under selection, or loci linked by proximity to
the selected variant [129,130]. Inter-population differentiation
resulting from allele frequency differences has traditionally been
detected using the Fgr statistic [131,132]. The spread of a
beneficial variant also acts to reduce variability at a locus and its
flanking regions, and this can be evaluated by assessing deviations
from expected heterozygosity.

Inter-population differentiation, global Fgr [131], allele fre-
quency, average observed heterozygosity (Ho) and the number of
alleles sampled per locus were calculated using the software
program FSTAT version 2.9.3 [133]. Statistical significance for
each observed Fgr (P value) was calculated as the proportion of
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Fst values from the empirical distribution that was greater or
equal to the observed Fgr for that locus. For analyses of X
chromosome loci, only female samples were included (Thorough-
bred n=72; Akhal-Teke n=12; Connemara n=17; Tuva n=8).

To evaluate significant departures from expected heterozygosity,
an indicator of positive selection, we calculated the Ewens-Watterson
test statistic (Dh/sd) according to the Ewens formula [25,134] for
each locus in each population using the program BOTTLENECK
[135]. The expected gene diversity (equivalent to Hardy-Weinberg
expected heterozygosity) is calculated as a function of the observed
number of alleles at a locus and the sample size and the difference
between observed and expected heterozygosities is given as Dh. To
normalise differences among microsatellite loci the Dh value is
divided by the standard deviation (sd) of the gene diversity to give a
Dh/sd value. Statistical significance (P) was assigned to Dh/sd values
by completing 1,000 replicate simulations per locus and assuming a
stepwise mutation model.

Gene mining and functional annotation

Genomic regions, delimited by loci flanking each selected locus
(Tables 4 and 5), were interrogated for genes annotated to the
EquCab2.0 genome using the BioMart function in the Ensembl
Genome Browser (www.ensembl.org).

Functional annotations (GO Biological Process, GO Cellular
Component, GO Molecular Function and KEGG Pathway) were
assigned for genes using the functional annotation tool, DAVID 2.0
[136]. Genes were clustered according to functional annotation
using the Functional Annotation Chart command in DAVID 2.0.

Supporting Information

Table S1 Equine microsatellite panel. Locus name and
chromosome location for 394 equine microsatellite loci. The
order on each chromosome is indicated and primer sequences
given.
Found at: doi:10.1371/journal.pone.0005767.s001
XLS)

(0.08 MB

Table 82 Full list of gene ontologies overrepresented in selected
regions (1). The on-line functional annotation bioinformatics tool
DAVID (david.abcc.nciferf.gov) was used to search for gene ontology
(GO) terms that were overrepresented among genes in selected
regions. Selected regions were defined by deviation from expected
heterozygosity (Ewen-Watterson test) in Thoroughbred and included
the four high FST regions that had highly significant (P<<0.01)
reductions in Thoroughbred heterozygosity. The table shows the GO

References

1. Levine M (1999) The origins of horse husbandry on the Eurasian Steppe. In:
Levine M, Rassamakin Y, Kislenko A, Tatarintseva N, eds. Late prehistoric
exploitation of the Eurasian steppe. Cambridge: McDonald Institute for
Archaeological Research. pp 5-58.

2. Jones JH, Lindstedt SL (1993) Limits to maximal performance. Annu Rev
Physiol 55: 547-569.

3. Jones JH, Longworth KE, Lindholm A, Conley KE, Karas RH, et al. (1989)
Oxygen transport during exercise in large mammals. I. Adaptive variation in
oxygen demand. J Appl Physiol 67: 862-870.

4. Young LE, Marlin DJ, Deaton C, Brown-Feltner H, Roberts CA, et al. (2002)
Heart size estimated by echocardiography correlates with maximal oxygen
uptake. Equine Vet J Suppl: 467-471.

5. Constantinopol M, Jones JH, Weibel ER, Taylor CR, Lindholm A, et al. (1989)
Oxygen transport during exercise in large mammals. II. Oxygen uptake by the
pulmonary gas exchanger. J Appl Physiol 67: 871-878.

6. Essen-Gustavsson B, Lindholm A (1985) Muscle fibre characteristics
of active and inactive standardbred horses. Equine Vet J 17: 434
438.

7. Hinchcliff KW, Geor RJ (2008) The horse as an athlete: a physiological
overview. Equine exercise physiology: the science of exercise in the athletic
horse. Edinburgh; New York: Saunders/Elsevier. pp ix, 463.

@ PLoS ONE | www.plosone.org

14

Genome Scan in Thoroughbred

category (BP: Biological process; MI: Molecular function; CC:
Cellular compartment; and KEGG pathway), GO functional term
(Term), number of genes in each GO category (Count), proportion of
the total number of genes in list in that GO category (%), significance
of over-representation (P-value), the names of genes within each GO
category (Genes), the total number of genes in the selected regions list
(List total), the number of genes with GO term in the database (Pop
hits), the total number of genes in the database (Pop total) and the fold
enrichment (Fold change).

Found at: doi:10.1371/journal.pone.0005767.s002 (0.13 MB
XLS)

Table 83 Full list of gene ontologies overrepresented in selected
regions (2). The on-line functional annotation bioinformatics tool
DAVID (david.abcc.nciferf.gov) was used to search for gene
ontology (GO) terms that were overrepresented among genes in
selected regions. Selected regions were defined by the nine high
FST regions that had significant (P<<0.05) reductions in Thor-
oughbred heterozygosity. The table shows the GO category (BP:
Biological process; MIF: Molecular function; CC: Cellular
compartment; and KEGG pathway), GO functional term (Term),
number of genes in each GO category (Count), proportion of the
total number of genes in list in that GO category (%), significance
of over-representation (P-value), the names of genes within each
GO category (Genes), the total number of genes in the selected
regions list (List total), the number of genes with GO term in the
database (Pop hits), the total number of genes in the database (Pop
total) and the fold enrichment (Fold change).

Found at: doi:10.1371/journal.pone.0005767.s003 (0.08 MB
XLS)
Acknowledgments

We thank the numerous horse owners for contributing samples. This work
is only possible with the cooperation of the Thoroughbred Industry and we
thank the Irish Thoroughbred Breeders’ Association for their support. We
thank the Connemara Pony Society, Ireland, for providing Connemara
samples. We thank Kathy Dominy, Royal Veterinary College, UK, for
technical assistance.

Author Contributions

Conceived and designed the experiments: DM EWH. Performed the
experiments: JG EWH. Analyzed the data: JG NO SDEP EWH.
Contributed reagents/materials/analysis tools: GS. Wrote the paper: JG
NO SDEP LMK DM EWH. Provided veterinary assistance: LMK.
Principal Investigator: EWH.

8. Hyyppa S, Rasanen LA, Poso AR (1997) Resynthesis of glycogen in skeletal
muscle from standardbred trotters after repeated bouts of exercise. Am J Vet
Res 58: 162-166.

9. Poso AR, Essengustavsson B, Persson SGB (1993) Metabolic response to
standardized exercise test in standard-bred trotters with red-cell hypervolemia.
Equine Vet J 25: 527-531.

. Wagner PD (1995) Determinants of V-O2max: Man vs horse. ] Equine Vet Sci
15: 398-404.

11. Katz LM, Bayly WM, Hines MT, Sides RH (2005) Ventilatory responses of
ponies and horses to exercise. Equine Comp Exercise Phys 2: 229-240.

. Dempsey JA, Wagner PD (1999) Exercise-induced arterial hypoxemia. J Appl
Physiol 87: 1997-2006.

. Willett P (1975) An introduction to the thoroughbred. London: Paul.

. Cunningham EP, Dooley ]J, Splan RK, Bradley DG (2001) Microsatellite
diversity, pedigree relatedness and the contributions of founder lincages to
thoroughbred horses. Anim Genet 32: 360-364.

. Gaffney B, Cunningham EP (1988) Estimation of genetic trend in racing
performance of thoroughbred horses. Nature 332: 722-724.

. Mota MD, Abrahao AR, Oliveira HN (2005) Genetic and environmental
parameters for racing time at different distances in Brazilian Thoroughbreds.
J Anim Breed Genet 122: 393-399.

June 2009 | Volume 4 | Issue 6 | 5767



20.

21.

23.

24.

25.

26.

28.

29.

30.

31.

32.

36.

37.

38.

39.

40.

41.

43.

44.

45.

. Pollinger JP, Bustamante CD, Fledel-Alon A, Schmutz S, Gray MM, et al.

(2005) Selective sweep mapping of genes with large phenotypic effects. Genome
Res 15: 1809-1819.

. Schlotterer C (2003) Hitchhiking mapping-functional genomics from the

population genetics perspective. Trends Genet 19: 32-38.

. Kayser M, Brauer S, Stoneking M (2003) A genome scan to detect candidate

regions influenced by local natural selection in human populations. Mol Biol
Evol 20: 893-900.

Akey JM, Zhang G, Zhang K, Jin L, Shriver MD (2002) Interrogating a high-
density SNP map for signatures of natural selection. Genome Res 12:
1805-1814.

Kauer MO, Dieringer D, Schlotterer C (2003) A microsatellite variability
screen for positive selection associated with the “out of Africa” habitat
expansion of Drosophila melanogaster. Genetics 165: 1137-1148.

. Payseur BA, Cutter AD, Nachman MW (2002) Searching for evidence of

positive selection in the human genome using patterns of microsatellite
variability. Mol Biol Evol 19: 1143-1153.

Harr B, Kauer M, Schlotterer C (2002) Hitchhiking mapping: a population-
based fine-mapping strategy for adaptive mutations in Drosophila melanogaster.
Proc Natl Acad Sci U S A 99: 12949-12954.

Mattiangeli V, Ryan AW, McManus R, Bradley DG (2006) A genome-wide
approach to identify genetic loci with a signature of natural selection in the Irish
population. Genome Biol 7: R74.

Watterson GA (1978) An Analysis of Multi-Allelic Data. Genetics 88: 171-179.
Thornton KR, Jensen JD, Becquet C, Andolfatto P (2007) Progress and
prospects in mapping recent selection in the genome. Heredity 98: 340-348.

. Myles S, Tang K, Somel M, Green RE, Kelso ], et al. (2008) Identification and

analysis of genomic regions with large between-population differentiation in
humans. Ann Hum Genet 72: 99-110.

Myles S, Davison D, Barrett J, Stoneking M, Timpson N (2008) Worldwide
population differentiation at disease-associated SNPs. BMC Med Genomics 1:
22.

Beaumont MA, Balding DJ (2004) Identifying adaptive genetic divergence
among populations from genome scans. Mol Ecol 13: 969-980.

Parker HG, Kim LV, Sutter NB, Carlson S, Lorentzen TD, et al. (2004)
Genetic structure of the purebred domestic dog. Science 304: 1160-1164.
Mickelson J, McCue M, Bannasch D, Penedo C, Bailey E, et al. (2009)
Evaluation of the EquineSNP50 BeadChips; San Diego, USA.

The Gene Ontology Consortium (2008) The Gene Ontology project in 2008.
Nucleic Acids Res 36: D440-444.

. Zuccarello D, Ferlin A, Cazzadore C, Pepe A, Garolla A, et al. (2008)

Mutations in dynein genes in patients affected by isolated non-syndromic
asthenozoospermia. Hum Reprod 23: 1957-1962.

. O’Brien RM, Granner DK (1996) Regulation of gene expression by insulin.

Physiol Rev 76: 1109-1161.

. Roques M, Vidal H (1999) A phosphatidylinositol 3-Kinase/p70 ribosomal S6

protein kinase pathway is required for the regulation by insulin of the p85alpha
regulatory subunit of phosphatidylinositol 3-kinase gene expression in human
muscle cells. J Biol Chem 274: 34005-34010.

Shepherd PR, Withers DJ, Siddle K (1998) Phosphoinositide 3-kinase: the key
switch mechanism in insulin signalling. Biochem J 333(Pt 3): 471-490.
Hayashi K, Saga H, Chimori Y, Kimura K, Yamanaka Y, et al. (1998)
Differentiated phenotype of smooth muscle cells depends on signaling pathways
through insulin-like growth factors and phosphatidylinositol 3-kinase. J Biol
Chem 273: 28860-28867.

Andreelli F, Laville M, Ducluzeau PH, Vega N, Vallier P, et al. (1999)
Defective regulation of phosphatidylinositol-3-kinase gene expression in skeletal
muscle and adipose tissue of non-insulin-dependent diabetes mellitus patients.
Diabetologia 42: 358-364.

Ducluzeau PH, Perretti N, Laville M, Andreelli F, Vega N, et al. (2001)
Regulation by insulin of gene expression in human skeletal muscle and adipose
tissue. Evidence for specific defects in type 2 diabetes. Diabetes 50: 1134-1142.
Tsuchida H, Bjornholm M, Fernstrom M, Galuska D, Johansson P, et al.
(2002) Gene expression of the p85alpha regulatory subunit of phosphatidyli-
nositol 3-kinase in skeletal muscle from type 2 diabetic subjects. Pflugers Arch
445: 25-31.

Lebrun P, Van Obberghen E (2008) SOCS proteins causing trouble in insulin
action. Acta Physiol (Oxf) 192: 29-36.

. Holmkvist J, Tojjar D, Almgren P, Lyssenko V, Lindgren CM, et al. (2007)

Polymorphisms in the gene encoding the voltage-dependent Ca(2+) channel Ca
(V)2.3 (CACNAIE) are associated with type 2 diabetes and impaired insulin
secretion. Diabetologia 50: 2467-2475.

Tonachini L, Monticone M, Puri C, Tacchetti C, Pinton P, et al. (2004)
Chondrocyte protein with a poly-proline region (CHPPR) is a novel
mitochondrial protein and promotes mitochondrial fission. J Cell Physiol
201: 470-482.

Monticone M, Tonachini L, Tavella S, Degan P, Biticchi R, et al. (2007)
Impaired expression of genes coding for reactive oxygen species scavenging
enzymes in testes of Mifrl/ Chppr-deficient mice. Reproduction 134: 483-492.
Kardon T, Noel G, Vertommen D, Schaftingen EV (2006) Identification of the
gene encoding hydroxyacid-oxoacid transhydrogenase, an enzyme that
metabolizes 4-hydroxybutyrate. FEBS Lett 580: 2347-2350.

@ PLoS ONE | www.plosone.org

15

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

67.

68.

69.

70.

71.

72.

Genome Scan in Thoroughbred

Takahara J, Yunoki S, Yakushiji W, Yamauchi J, Yamane Y (1977)
Stimulatory effects of gamma-hydroxybutyric acid on growth hormone and
prolactin release in humans. J Clin Endocrinol Metab 44: 1014-1017.

Van Cauter E, Plat L, Scharf MB, Leproult R, Cespedes S, et al. (1997)
Simultaneous stimulation of slow-wave sleep and growth hormone secretion by
gamma-hydroxybutyrate in normal young Men. J Clin Invest 100: 745-753.
Williams H, Taylor R, Roberts M (1998) Gamma-hydroxybutyrate (GHB): a
new drug of misuse. Ir Med J 91: 56-57.

Galloway GP, Frederick SL, Staggers FE Jr, Gonzales M, Stalcup SA, et al.
(1997) Gamma-hydroxybutyrate: an emerging drug of abuse that causes
physical dependence. Addiction 92: 89-96.

Vlahos CJ, Matter WF, Hui KY, Brown RF (1994) A specific inhibitor of
phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-
one (LY294002). J Biol Chem 269: 5241-5248.

Kim JY, Tillison KS, Zhou S, Lee JH, Smas CM (2007) Differentiation-
dependent expression of Adhfel in adipogenesis. Arch Biochem Biophys 464:
100-111.

Tseng YH, Kokkotou E, Schulz TJ, Huang TL, Winnay JN, et al. (2008) New
role of bone morphogenetic protein 7 in brown adipogenesis and energy
expenditure. Nature 454: 1000-1004.

Seale P, Bjork B, Yang W, Kajimura S, Chin S, et al. (2008) PRDM16 controls
a brown fat/skeletal muscle switch. Nature 454: 961-967.

Rankinen T, Zuberi A, Chagnon YC, Weisnagel SJ, Argyropoulos G, et al.
(2006) The human obesity gene map: the 2005 update. Obesity (Silver Spring)
14: 529-644.

Kawabata M, Imamura T, Miyazono K (1998) Signal transduction by bone
morphogenetic proteins. Cytokine Growth Factor Rev 9: 49-61.

Canalis E, Economides AN, Gazzerro E (2003) Bone morphogenetic proteins,
their antagonists, and the skeleton. Endocr Rev 24: 218-235.

Voight BF, Kudaravalli S, Wen X, Pritchard JK (2006) A map of recent
positive selection in the human genome. PLoS Biol 4: e72.

Hansen JB, Jorgensen C, Petersen RK, Hallenborg P, De Matteis R, et al.
(2004) Retinoblastoma protein functions as a molecular switch determining
white versus brown adipocyte differentiation. Proc Natl Acad Sci U S A 101:
4112-4117.

Wende AR, Huss JM, Schaeffer PJ, Giguere V, Kelly DP (2005) PGC-lalpha
coactivates PDK4 gene expression via the orphan nuclear receptor ERRalpha:
a mechanism for transcriptional control of muscle glucose metabolism. Mol
Cell Biol 25: 10684-10694.

Scarpulla RC (2008) Transcriptional paradigms in mammalian mitochondrial
biogenesis and function. Physiol Rev 88: 611-638.

Bottcher Y, Tonjes A, Enigk B, Scholz GH, Bluher M, et al. (2007) A SNP
haplotype of the forkhead transcription factor FOXOIA gene may have a
protective effect against type 2 diabetes in German Caucasians. Diabetes
Metab 33: 277-283.

Allen DL, Unterman TG (2007) Regulation of myostatin expression and
myoblast differentiation by FoxO and SMAD transcription factors. Am J Physiol
Cell Physiol 292: C188-199.

Zoll J, Ponsot E, Dufour S, Doutreleau S, Ventura-Clapier R, et al. (2006)
Exercise training in normobaric hypoxia in endurance runners. III. Muscular
adjustments of selected gene transcripts. J Appl Physiol 100: 1258-1266.
Semenza GL (1998) Hypoxia-inducible factor 1: master regulator of O2
homeostasis. Curr Opin Genet Dev 8: 588-594.

Prior SJ, Hagberg JM, Phares DA, Brown MD, Fairfull L, et al. (2003)
Sequence variation in hypoxia-inducible factor lalpha (HIF1A): association
with maximal oxygen consumption. Physiol Genomics 15: 20-26.

. Forsythe JA, Jiang BH, Iyer NV, Agani F, Leung SW, et al. (1996) Activation of

vascular endothelial growth factor gene transcription by hypoxia-inducible
factor 1. Mol Cell Biol 16: 4604-4613.

Kelly BD, Hackett SF, Hirota K, Oshima Y, Cai Z, et al. (2003) Cell type-
specific regulation of angiogenic growth factor gene expression and induction of
angiogenesis in nonischemic tissue by a constitutively active form of hypoxia-
inducible factor 1. Circ Res 93: 1074-1081.

Benton CR, Nickerson JG, Lally J, Han XX, Holloway GP, et al. (2008)
Modest PGC-1lalpha overexpression in muscle in vivo is sufficient to increase
insulin sensitivity and palmitate oxidation in subsarcolemmal, not intermyofi-
brillar, mitochondria. J Biol Chem 283: 4228-4240.

Fukuda R, Zhang H, Kim JW, Shimoda L, Dang CV, et al. (2007) HIF-1
regulates cytochrome oxidase subunits to optimize efficiency of respiration in
hypoxic cells. Cell 129: 111-122.

Burgomaster KA, Cermak NM, Phillips SM, Benton CR, Bonen A, et al.
(2007) Divergent response of metabolite transport proteins in human skeletal
muscle after sprint interval training and detraining. Am J Physiol Regul Integr
Comp Physiol 292: R1970-1976.

Fluck M (2006) Functional, structural and molecular plasticity of mammalian
skeletal muscle in response to exercise stimuli. J Exp Biol 209: 2239-2248.
Sahlin K, Harris RC (2008) Control of lipid oxidation during exercise: role of
energy state and mitochondrial factors. Acta Physiol (Oxf).

. Gunn HM (1987) Muscle, bone and fat proportions and muscle distribution of

thoroughbreds and other horses. In: Gillespie JR, Robinson NE, eds. Equine
exercise physiology 2: proceedings of the Second International Conference on
Equine Exercise Physiology, San Diego, California, August 7-11, 1986. Davis,
Calif.: ICEEP Publications. pp 253-264.

June 2009 | Volume 4 | Issue 6 | 5767



74.

75.

76.

79.

80.

81.

82.

83.

84.

86.

87.

88.

89.

90.

91.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Kearns CF, McKeever KH, Abe T (2002) Overview of horse body composition
and muscle architecture: implications for performance. Vet J 164: 224-234.
Tobacman LS (1996) Thin filament-mediated regulation of cardiac contrac-
tion. Annu Rev Physiol 58: 447-481.

Gordon AM, Homsher E, Regnier M (2000) Regulation of contraction in
striated muscle. Physiol Rev 80: 853-924.

. Clarke NF, Ilkovski B, Cooper S, Valova VA, Robinson PJ, et al. (2007) The

pathogenesis of ACTAl-related congenital fiber type disproportion. Ann
Neurol 61: 552-561.

. Ochala J (2008) Thin filament proteins mutations associated with skeletal

myopathies: Defective regulation of muscle contraction. J Mol Med 86:
1197-1204.

Shibasaki F, Fukami K, Fukui Y, Takenawa T (1994) Phosphatidylinositol 3-
kinase binds to alpha-actinin through the p85 subunit. Biochem J 302(Pt 2):
551-557.

MacArthur DG, Seto JT, Chan S, Quinlan KG, Raftery JM, et al. (2008) An
Actn3 knockout mouse provides mechanistic insights into the association
between alpha-actinin-3 deficiency and human athletic performance. Hum
Mol Genet 17: 1076-1086.

Chan S, Seto JT, MacArthur DG, Yang N, North KN, et al. (2008) A gene for
speed: contractile properties of isolated whole EDL muscle from an alpha-
actinin-3 knockout mouse. Am J Physiol Cell Physiol 295: C897-904.

Yang N, MacArthur DG, Gulbin JP, Hahn AG, Beggs AH, et al. (2003) ACTN3
genotype is associated with human elite athletic performance. Am J Hum
Genet 73: 627-631.

MacArthur DG, Seto JT, Raftery JM, Quinlan KG, Huttley GA, et al. (2007)
Loss of ACTN3 gene function alters mouse muscle metabolism and shows
evidence of positive selection in humans. Nat Genet 39: 1261-1265.

Mills M, Yang N, Weinberger R, Vander Woude DL, Beggs AH, et al. (2001)
Differential expression of the actin-binding proteins, alpha-actinin-2 and -3, in
different species: implications for the evolution of functional redundancy. Hum
Mol Genet 10: 1335-1346.

. Marco S, Carrascosa JL, Valpuesta JM (1994) Reversible interaction of beta-

actin along the channel of the TCP-1 cytoplasmic chaperonin. Biophys J 67:
364-368.

Liou AK, Willison KR (1997) Elucidation of the subunit orientation in CCT
(chaperonin containing TCP1) from the subunit composition of CCT micro-
complexes. EMBO J 16: 4311-4316.

Llorca O, Martin-Benito ], Gomez-Puertas P, Ritco-Vonsovici M, Willison KR,
et al. (2001) Analysis of the interaction between the eukaryotic chaperonin
CCT and its substrates actin and tubulin. J Struct Biol 135: 205-218.
Ozawa E, Mizuno Y, Hagiwara Y, Sasaoka T, Yoshida M (2005) Molecular
and cell biology of the sarcoglycan complex. Muscle Nerve 32: 563-576.
Pardo JV, Siliciano JD, Craig SW (1983) A vinculin-containing cortical lattice
in skeletal muscle: transverse lattice elements (“costameres”) mark sites of
attachment between myofibrils and sarcolemma. Proc Natl Acad Sci U S A 80:
1008-1012.

Mizuno Y, Yoshida M, Nonaka I, Hirai S, Ozawa E (1994) Expression of
utrophin (dystrophin-related protein) and dystrophin-associated glycoproteins
in muscles from patients with Duchenne muscular dystrophy. Muscle Nerve 17:
206-216.

Zimprich A, Grabowski M, Asmus F, Naumann M, Berg D, et al. (2001)
Mutations in the gene encoding epsilon-sarcoglycan cause myoclonus-dystonia
syndrome. Nat Genet 29: 66-69.

. Grabowski M, Zimprich A, Lorenz-Depiereux B, Kalscheuer V, Asmus F, et al.

(2003) The epsilon-sarcoglycan gene (SGCE), mutated in myoclonus-dystonia
syndrome, is maternally imprinted. Eur ] Hum Genet 11: 138-144.

Muller B, Hedrich K, Kock N, Dragasevic N, Svetel M, et al. (2002) Evidence
that paternal expression of the epsilon-sarcoglycan gene accounts for reduced
penetrance in myoclonus-dystonia. Am J Hum Genet 71: 1303-1311.

Duclos F, Straub V, Moore SA, Venzke DP, Hrstka RF, et al. (1998)
Progressive muscular dystrophy in alpha-sarcoglycan-deficient mice. J Cell Biol
142: 1461-1471.

Samarel AM (2005) Costameres, focal adhesions, and cardiomyocyte mechan-
otransduction. Am J Physiol Heart Circ Physiol 289: H2291-2301.

Fluck M, Mund SI, Schittny JC, Klossner S, Duricux AC, et al. (2008)
Mechano-regulated tenascin-C orchestrates muscle repair. Proc Natl Acad
Sci U S A 105: 13662-13667.

Durieux AC, Desplanches D, Freyssenet D, Fluck M (2007) Mechanotransduc-
tion in striated muscle via focal adhesion kinase. Biochem Soc Trans 35:
1312-1313.

World Health Organization (2000) Obesity: preventing and managing the
global epidemic (technical report series 894). Geneva: World Health
Organization.

Martin BC, Warram JH, Krolewski AS, Bergman RN, Soeldner JS, et al.
(1992) Role of glucose and insulin resistance in development of type 2 diabetes
mellitus: results of a 25-year follow-up study. Lancet 340: 925-929.

Kelley DE, Mandarino IJ (2000) Fuel selection in human skeletal muscle in
insulin resistance: a reexamination. Diabetes 49: 677-683.

Booth FW, Chakravarthy MV, Gordon SE, Spangenburg EE (2002) Waging
war on physical inactivity: using modern molecular ammunition against an
ancient enemy. J Appl Physiol 93: 3-30.

Handschin C, Spiegelman BM (2008) The role of exercise and PGClalpha in

inflammation and chronic disease. Nature 454: 463—469.

@ PLoS ONE | www.plosone.org

16

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.
133.

134.

135.

Genome Scan in Thoroughbred

Kronfeld DS, Treiber KH, Hess TM, Boston RC (2005) Insulin resistance in
the horse: Definition, detection, and dietetics. J Anim Sci 83: E22-31.
Johnson PJ (2002) The equine metabolic syndrome peripheral Cushing’s
syndrome. Vet Clin North Am Equine Pract 18: 271-293.

Frank N (2006) Insulin resistance in horses. AAEP Proceedings 52: 51-54.
Treiber KH, Boston RC, Kronfeld DS, Staniar WB, Harris PA (2005) Insulin
resistance and compensation in Thoroughbred weanlings adapted to high-
glycemic meals. J Anim Sci 83: 2357-2364.

Hoffman RM, Boston RC, Stefanovski D, Kronfeld DS, Harris PA (2003)
Obesity and diet affect glucose dynamics and insulin sensitivity in Thorough-
bred geldings. J Anim Sci 81: 2333-2342.

Houston ME (2006) Biochemistry primer for exercise science. Champaign, IL:
Human Kinetics. pp xi, 267.

Geor RJ, Hinchcliff KW, Sams RA (2000) beta-adrenergic blockade augments
glucose utilization in horses during graded exercise. J Appl Physiol 89:
1086-1098.

Geor RJ, McCutcheon L], Hinchcliff KW, Sams RA (2002) Training-induced
alterations in glucose metabolism during moderate-intensity exercise. Equine
Vet J Suppl: 22-28.

Saltiel AR, Kahn CR (2001) Insulin signalling and the regulation of glucose
and lipid metabolism. Nature 414: 799-806.

Kronfeld DS, Custalow SE, Ferrante PL, Taylor LE, Moll HD, et al. (2000)
Determination of the lactate breakpoint during incremental exercise in horses
adapted to dietary corn oil. Am J Vet Res 61: 144-151.

Oldham SL, Potter GD, Evans JW, Smith SB, Taylor TS, et al. (1990) Storage
and mobilization of muscle glycogen in exercising horses fed a fat-
supplemented diet. ] Equine Vet Sci 10: 353-359.

Eaton MD, Hodgson DR, Evans DL (1995) Effect of diet containing
supplementary fat on the effectiveness for high intensity exercise. Equine
Vet J Suppl 18: 353-356.

Cannon B, Nedergaard J (2004) Brown adipose tissue: function and
physiological significance. Physiol Rev 84: 277-359.

Nedergaard J, Bengtsson T, Cannon B (2007) Unexpected evidence for active
brown adipose tissue in adult humans. Am J Physiol Endocrinol Metab 293:
E444-452.

Guerra C, Koza RA, Yamashita H, Walsh K, Kozak LP (1998) Emergence of
brown adipocytes in white fat in mice is under genetic control. Effects on body
weight and adiposity. J Clin Invest 102: 412-420.

Pilegaard H, Neufer PD (2004) Transcriptional regulation of pyruvate
dehydrogenase kinase 4 in skeletal muscle during and after exercise. Proc
Nutr Soc 63: 221-226.

Guilherme A, Virbasius JV, Puri V, Czech MP (2008) Adipocyte dysfunctions
linking obesity to insulin resistance and type 2 diabetes. Nat Rev Mol Cell Biol
9: 367-377.

Gunn HM (1983) Morphological attributes associated with speed of running in
horses. In: Snow DH, Persson SGB, Rose R], eds. Proceedings of the First
International Conference on Equine Exercise Physiology. Cambridge:
Burlington Press. pp 271-274.

Bell RH Jr, Hye RJ (1983) Animal models of diabetes mellitus: physiology and
pathology. J Surg Res 35: 433-460.

Bray GA, York DA (1979) Hypothalamic and genetic obesity in experimental
animals: an autonomic and endocrine hypothesis. Physiol Rev 59: 719-809.
Weatherby and Sons (1791) An introduction to a general stud book. London:
Weatherby and Sons.

Sambrook J, Russell DW (2001) Molecular cloning : a laboratory manual. Cold
Spring Harbor, N.Y.: Cold Spring Harbor Laboratory Press.

Tozaki T, Hirota K, Hasegawa T, Ishida N, Tobe T (2007) Whole-genome
linkage disequilibrium screening for complex traits in horses. Mol Genet
Genomics 277: 663-672.

Swinburne JE, Boursnell M, Hill G, Pettitt L, Allen T, et al. (2006) Single
linkage group per chromosome genetic linkage map for the horse, based on two
three-generation, full-sibling, crossbred horse reference families. Genomics 87:
1-29.

Penedo MC, Millon LV, Bernoco D, Bailey E, Binns M, et al. (2005)
International Equine Gene Mapping Workshop Report: a comprehensive
linkage map constructed with data from new markers and by merging four
mapping resources. Cytogenet Genome Res 111: 5-15.

Rotmistrovsky K, Jang W, Schuler GD (2004) A web server for performing
electronic PCR. Nucleic Acids Res 32: W108-112.

Smith JM, Haigh J (1974) The hitch-hiking effect of a favourable gene. Genet
Res 23: 23-35.

Kaplan NL, Hudson RR, Langley CH (1989) The ‘“hitchhiking effect”
revisited. Genetics 123: 887-899.

Weir BS, Cockerham CC (1984) Estimating F-statistics for the analysis of
population structure. Evolution 38: 1358-1370.

Weir BS, Hill WG (2002) Estimating F-statistics. Annu Rev Genet 36: 721-750.
Goudet J (1995) FSTAT (version 1.2): a computer program to calculate F-
statistics. ] Hered 86: 485-486.

Ewens WJ (1972) The sampling theory of selectively neutral alleles. Theor
Popul Biol 3: 87-112.

Cornuet JM, Luikart G (1996) Description and power analysis of two tests for
detecting recent population bottlenecks from allele frequency data. Genetics

144: 2001-2014.

June 2009 | Volume 4 | Issue 6 | 5767



Genome Scan in Thoroughbred

136. Dennis G Jr, Sherman BT, Hosack DA, Yang J, Gao W, et al. (2003) DAVID: 137. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, et al. (1994) Positional
Database for Annotation, Visualization, and Integrated Discovery. Genome cloning of the mouse obese gene and its human homologue. Nature 372:
Biol 4: P3. 425-432.

@ PLoS ONE | www.plosone.org 17 June 2009 | Volume 4 | Issue 6 | e5767



