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Modern dogs are distinguished among domesticated species by
the vast breadth of phenotypic variation produced by strong and
consistent human-driven selective pressure. The resulting breeds
reflect the development of closed populations with well-defined
physical and behavioral attributes. The sport-hunting dog group
has long been employed in assistance to hunters, reflecting strong
behavioral pressures to locate and pursue quarry over great
distances and variable terrain. Comparison of whole-genome
sequence data between sport-hunting and terrier breeds, groups
at the ends of a continuum in both form and function, reveals that
genes underlying cardiovascular, muscular, and neuronal functions
are under strong selection in sport-hunting breeds, including
ADRB1, TRPM3, RYR3, UTRN, ASIC3, and ROBO1. We also identified
an allele of TRPM3 that was significantly associated with increased
racing speed in Whippets, accounting for 11.6% of the total vari-
ance in racing performance. Finally, we observed a significant as-
sociation of ROBO1with breed-specific accomplishments in competitive
obstacle course events. These results provide strong evidence that
sport-hunting breeds have been adapted to their occupations by im-
proved endurance, cardiac function, blood flow, and cognitive
performance, demonstrating how strong behavioral selection al-
ters physiology to create breeds with distinct capabilities.
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Extensive efforts have been made over the past three decades
to understand the remarkable success and accomplishments

of elite athletes (1). While environmental, psychological, and
sociological factors are all important contributors, athletic per-
formance is a complex trait to which genetic makeup contributes
substantially (2). Performance-enhancing polymorphisms (PEPs)
are germline variants that influence the outcome of athletic
challenges (1). Over 200 PEPs have been identified (3), largely in
humans, and they include genes which regulate blood pressure
(4), muscle size, oxygen use (5), fatigue resistance (6), and blood
lactate and ammonium ion accumulation (7).
While these findings are of interest, studies to date have focused

on the nationally or internationally recognized elite athletes or
individuals of similar geographic ancestry (8, 9), providing limited
insight into performance variation in the general population. It is
well established that genetic variants can confer differential athletic
fitness for various sports, as each sport demands specific physical
features, e.g., strong sprinters may also excel in the long jump but
not in the marathon (10). This implies the presence of desirable and
mappable morphologic traits for many sports, but previous studies
fail to capture a holistic view of athletic performance. Perhaps more
importantly, little is known about population selection for most
athletic traits, including the targets of selection and historical forces
that have shaped the history of athlete populations.
To address these issues, we assessed athletic ability in closed-

breeding populations of domestic dogs (Canis lupus familiaris).
Dogs are unique among domesticated mammals in that they
display high levels of phenotypic and behavioral diversity across
populations coupled with strong phenotypic and genotypic homo-

geneity within populations or breeds (11). There are over 450 breeds
recognized worldwide, shaped by events such as an ancient bottle-
neck occurring during domestication, additional bottlenecks asso-
ciated with breed formation (12–14), and continued population
restructuring due to popular sires and shrinking or expanding
population size. These factors affect both the phenotype and un-
derlying genotypic profile of each dog breed (15), making domestic
breeds an ideal system in which to disentangle complex phenotype–
genotype associations (reviewed in refs. 16 and 17).
To date, several genes have been identified which define

breed-specific differences. However, those differences are most
often associated with physical attributes, including body size, leg
length, skull shape, and fur color, among others (18–20). Pre-
vious studies have also described loci associated with disease
susceptibility (reviewed in ref. 21) and anomalous behaviors pat-
terns, such as those which mimic human obsessive–compulsive
disorders (22, 23). However, none has successfully addressed the
genetics of physiological traits concomitant with breed-specific
behaviors or functional employment with the exception of the
high-altitude adaptation of Tibetan Mastiffs (24).
In the United States, the American Kennel Club (AKC) is the

foremost authority for purebred dog classification and registra-
tion. The AKC has used heritage, behavior, and physical attributes
to assign each of 189 breeds to one of seven loosely defined groups
(11). At one end of a behavioral continuum is the sport-hunting
group, which includes breeds which aid sport hunters by pointing,
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retrieving, and flushing birds. These breeds are universally active
and athletic (11). At the other end is the terrier group, which largely
includes small breeds described as “feisty and energetic,” whose
primary historical task was to locate and dispatch of vermin from
both agricultural and urban settings. Although historically not bred
for such, modern terriers may also serve as companions. We hy-
pothesized that a whole-genome comparison of the sport-hunting to
the terrier group will reveal genomic regions under selection for
creating the component breeds or groups of breeds. The results
highlight the utility of dog breed populations for advancing studies of
complex traits in humans while illuminating how a small group of
genes has been leveraged to create athletes of extraordinary ability.

Results
Population Differentiation. Based on genetic similarities and def-
initions of breed groups (25), we leveraged the whole-genome
sequencing (WGS) data from 21 sport-hunting and 27 terrier
dogs (Fig. 1 A and B and SI Appendix, Table S1). The sport-
hunting dataset includes Spaniels: Brittany (one individual),
Clumber (one), American (six) and English Cocker (five), and
English Springer (two); Setters: English (one), Gordon (one),
and Irish (one); and Pointers: English (two), and German
Wirehaired (one). The terrier varieties include Airedale (three),
Border (three), Irish (one), Jack Russell (four), Kerry Blue
(two), Scottish (three), Soft Coated Wheaten (four), West

Highland White (six), and Yorkshire (one). Together these
breeds comprise 10 of the 30 AKC-recognized sport-hunting
breeds and 8 of the 31 recognized terrier breeds. We note that
the Jack Russell Terrier breed is recognized by other kennel
clubs such as the Fédération Cynologique Internationale and UK
Kennel Club but not by the AKC. A summary of the charac-
teristics of each breed is provided in SI Appendix, Table S2. WGS
of 79 village dogs, which are generally unselected for any mor-
phologic or behavior traits, from the Middle East, South
America, Asia, and Africa was publicly available and is in-
corporated here (26), yielding data from a total of 127 dogs.
Genome alignment indicated an average of 18.8-fold depth for
each individual relative to the Boxer reference genome (SI Ap-
pendix, Table S1). A total of ∼14.9 million high-quality autoso-
mal single-nucleotide variants (SNVs) were identified and
investigated for this study (Methods).
To examine genetic relationships among the three dog pop-

ulations, we conducted principal component analysis (PCA) based
on all SNVs. In an initial clustering analysis, the first eigenvector
(5.5%) identified two distinct groups: the village dogs and a cluster
consisting of domesticated dogs which included both sport-hunting
and terrier breeds (Fig. 1C). The widely dispersed distribution of
village dogs indicates the expected high level of heterogeneity in this
population compared with the other two groups. An independent
PCA incorporating three eigenvectors based on sport-hunting and

Fig. 1. Population structure of sport-hunting, terrier, and village dog populations. (A) Sport-hunting breeds pictured include (Left to Right) English Springer
Spaniel, English Cocker Spaniel, German Wirehaired Pointer, and Irish Setter. Images, from left to right, courtesy of Katrine Bremser (photographer), Jillian
Mennie (photographer), Flickr/Tommi Valtanen, and Flickr/Rongem Boyo. (B) Terrier breeds pictured include (Left to Right) Yorkshire Terrier, Kerry Blue Terrier,
Airedale Terrier, and Border Terrier. Images, from left to right, courtesy of Flickr/Michelle Dudley, Gerry Yeager (photographer), Kay Nellis (photographer), and
Flickr/Sophie Lowe. (C and D) Data from each individual sample are plotted along the two main principal components (PC1 and PC2) on three populations (C) and
the first three principal components (PC1, PC2, and PC3) on sport-hunting and terrier populations (D). (E) Genome-wide LD was estimated in each group by
calculating r2 values between all pairs of SNVs with inter-SNV distances less than 10 Mb.
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terrier dogs provided evidence that these two groups are ge-
netically distinct (Fig. 1D). In addition, both sport-hunting and
terrier dogs exhibit higher levels of linkage disequilibrium (LD)
than the village dogs (P < 2.2 × 10−16, Mann–Whitney u test),
reflecting fewer recombination events associated with domestic
breed formation (Fig. 1E).

Identification of Genomic Regions Under Selection. Dog breeds de-
veloped for use in hunting and field activities must naturally
possess an active and alert demeanor and the athletic ability to
fulfill the physically demanding roles specified in the AKC breed
standards (11). Given that sport-hunting and terrier dogs have
experienced unique selective pressure events over time to obtain
desired phenotypes, particularly compared with the village dogs,
we undertook a genome-wide pairwise comparison of each pop-
ulation to identify loci under selective pressure. To reduce the
confounding effect of genetic drift and minimize the influence of
breed-specific background, we combined the component breeds
into their respective breed groups (sport-hunting, terrier, and village
dogs). The fixation index (FST) was 0.047, 0.063, and 0.067 between
the sport-hunting–terrier, terrier–village, and sport-hunting–village
groups, respectively, indicating that each dataset was of sufficient
sample size, with a minimum of 21 individuals, for this analysis (27).
In addition, to identify genomic regions under extended scope of
selection, we combined independent tests of selection based on
nucleotide diversity, LD, and allele frequency. The overall study
design of the positive selection analysis is depicted in Fig. 2A.
The cross-population extended haplotype homozygosity (XP-EHH)

and the cross-population composite likelihood ratio (XP-CLR)
tests were used to identify 50-kb nonoverlapping genomic regions
with significant LD and allele frequency differentiation between
the sport-hunting and terrier groups. Using the empirical top 1%
of genomic regions, a total of 457 genes and 396 intergenic regions
(IRs) were identified as having potential selective sweeps in sport-
hunting dogs. Although the overall distributions of the two metrics
show a significant positive correlation (slope >0, P < 2.2 × 10−16)
(SI Appendix, Fig. S1), these approaches complement each other,
as ∼15% of the same candidate genes were detected by both tests.
To reduce the incidence of false positives and identify genomic

regions with bona fide signals from among candidates identified
in the initial scan, subsequent analyses were undertaken. Con-
sidering that village dogs were not subject to the same degree of
selective pressure as sport-hunting dogs, we applied the same
metrics (XP-EHH and XP-CLR) to the comparison of sport-
hunting versus village dogs, which reduced the number of can-
didates to 280 genes and 126 IRs that remained within the top

5% of the distribution. The regions under selective sweeps also
show significantly reduced diversity (π) and/or persist in strong
LD (r2) in the selected population. Hence, the top 5% of
empirical distributions of the relative nucleotide diversity,
Δπ (πterrier − πsport-hunting), and LD Δr2, (r2sport-hunting − r2terrier) (SI
Appendix, Fig. S2), defined a further reduced set of windows
(161 genes and 126 IRs) as outliers (Fig. 2A).

Positive Selection and Beneficial Alleles. To finally define selected
regions with the causal candidates, we performed a χ2 test on all
SNVs within candidate genic regions (±5 kb) and IRs, de-
termining the difference in allele frequency between sport-
hunting and terrier groups. We found that stronger selective
pressure leads to an increased incidence of highly differentiated
allele frequencies between populations (Fig. 2B). Using the
threshold of 5 × 10−8, this final scan retained a total of 59 genes
and 51 IRs under strong selection in sport-hunting breeds (SI
Appendix, Table S3). The median distance of positively selected
IRs from the closest genes is 128 kb, ranging from 26 kb to
890 kb. We observed that alleles with low frequency within these
positively selected regions were present in excess in sport-
hunting group compared with nonselected groups (P < 2.2 ×
10−16, Mann–Whitney u test) (SI Appendix, Fig. S3).

Signatures of Selection Associated with Athletic Performance in
Sport-Hunting Dogs. Fifty-nine genes were under positive selec-
tion in the sport-hunting breeds (SI Appendix, Table S3). Elite
athletic performance is largely determined by integrative roles of
muscular, cardiovascular, and neurological functions (28), and
11 of the 59 genes have biological functions consistent with an a
priori hypothesis. Based on a manual review of the OMIM
(Online Mendelian Inheritance in Man) and UniProt databases
(SI Appendix, Table S4), positively selected genes are related to
muscle contraction (RYR3), muscle development (ABLIM3 and
CDH15), fatigue-enhanced muscle pain (ASIC3), vascular smooth
muscle contraction (TRPM3), muscular dystrophy (UTRN), heart
rate and hypertension (ADRB1 and GRK4), and neurological
disorders including impaired learning (ROBO1 and RIMS1) and
mental developmental delays and disabilities (KCNQ5 and
CDH15). Analysis of gene ontology (GO) enrichment for posi-
tively selected genes indicated a significant overrepresentation for
the category associated with blood circulation (GO: 0008015, P =
0.00803) (Fig. 2C and SI Appendix, Table S5). Other enriched
biological functions include single-multicellular organism, multi-
cellular organismal, cellular, system, and developmental processes
(SI Appendix, Table S5). The selected genes also included those

Fig. 2. Evidence of positive selection in sport-hunting dogs (SH). (A) Flowchart of study design. (B) Maximum XP-EHH scores against maximum χ2 of each
50-kb window. (C) The significant GO terms (P < 0.01) enriched from positively selected genes in sport-hunting dogs.
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that are critical to neuronal functions such as neuronal migration,
neurite outgrowth, and synapse formation (SI Appendix, Table
S4), although the corresponding biological processes were not
significantly overrepresented. Based on a χ2 test of the SNVs
within each candidate gene, the variants with the strongest allele
frequency difference between sport-hunting dogs and terriers at
each gene were selected for further analyses.

A Selective Sweep in the ASIC3 Gene. We next examined the non-
synonymous mutations from each of the candidate genes, identi-
fying one significant SNV (chr16:15103790, P = 4.9 × 10−11; χ2
test) in the ASIC3 gene that codes for a change at residue 512 (p.
Leu512Pro) (Fig. 3A). The publicly available variants of 28 wolf
samples were leveraged to infer the ancestral alleles (https://data.
broadinstitute.org/vgb/435_dog_data/). The inferred ancestral al-
lele from wolf (C allele) (SI Appendix, Table S1) suggests that a
derived allele (T) experienced strong directional selection pres-
sure within the sport-hunting group compared with other groups,
including terrier and village dogs. This gene showed an apparent
regional differentiation in terms of reduced nucleotide diversity in
sport-hunting breeds (Fig. 3B). To confirm and extend these
findings, we used Sanger sequencing to genotype this candidate
SNV in the independent and larger dog population of 77 sport-
hunting and 74 terrier samples from nine and six breeds, re-
spectively (SI Appendix, Tables S6 and S7). This validation set
additionally included two retriever breeds (Labrador and Golden)
for sport hunting, which were not available in the initial WGS
analysis. The allele frequency difference remained statistically
significant between sport-hunting and terrier dogs (P = 8.8 × 10−9)
(SI Appendix, Table S8).

Noise Sensitivity of Sport-Hunting Dogs. One strong result that was
not overtly related to performance was in CDH23 and MSRB3;
mutations in these genes are linked to sensory impairment (SI Ap-
pendix, Table S4). Previous studies demonstrate that terriers are
among the breeds with the highest incidence of noise sensitivity,
while popular sport-hunting breeds such as the Labrador, Cocker
Spaniel, and Springer Spaniel are far less likely to show a startle
response to noise, even in a comparison with crossbred dogs (29, 30).
To explore this result further, we screened for causal mutations

in these genes segregating in sport-hunting dogs versus terriers

and aligned the mutant genes with their orthologous proteins in
other vertebrates to assess the functional impact of observed
variants. This revealed a highly conserved mutation in CDH23
(chr4:22560305, p.Met2617Val), which is invariant among all
11 mammals closely related to dogs including horse, ferret, pig,
sheep, and cattle (Fig. 4A). In addition, the pathogenicity assess-
ment of this variant, assessed by using the Combined Annotation-
Dependent Depletion (CADD) database (31), indicates that this
change is predicted to be in the top 0.59% of the most deleterious
single-nucleotide substitutions that can be generated from the hu-
man genome. Based on WGS, the mutant allele (M) was signifi-
cantly more common in the sport-hunting dogs than in terriers (P =
3.7 × 10−6; χ2 test). This region shows a dramatic loss of nucleotide
diversity compared with that observed in both terrier and village
dogs, indicative of a strong selective sweep around a causal variant
(Fig. 4B). Additional sequencing of this mutation on the same
population used in a previous analysis of ASIC3 (SI Appendix, Ta-
bles S6 and S7) confirms the observation (P = 3.9 × 10−10; χ2 test),
indicating that the nonsynonymous mutation may be responsible for
the selective sweep at CDH23 (SI Appendix, Table S8).

ROBO1 Is Associated with Agility Performance. To understand the
relationship between the 59 genes suggested by this study and
innate athletic ability across breeds, we leveraged the publicly
available catalog of SNVs that we recently assembled, which
includes an extended population of 298 dog samples represent-
ing 92 breeds, of which 67 (178 dogs) are not classified as either
sport-hunting or terrier dogs (https://data.broadinstitute.org/vgb/
435_dog_data/). We first assessed performance in agility, a
popular canine sport which requires a dog directed by a human
handler to navigate an obstacle course with a goal of achieving
the fastest times. It thus provides an excellent test of canine
athleticism and physical fitness (32). As the surrogate measure of
breed-specific athletic ability, we used the total number of agility
titles won by each breed, weighted by the total number of dogs
registered for each breed (SI Appendix, Table S9), using data
from the United States Dog Agility Association (USDAA).
We tested for differences in the allele frequency in the breed

groups stratified according to the number of breed-specific agility
titles after taking admixture and relatedness into account (33). The
two groups included 57 individuals (18 breeds) and 44 individuals

Fig. 3. Signatures of the selective sweep at the ASIC3 gene region. (A) Structure of the ASIC3 gene with exons indicated by orange bars. A nonsynonymous
SNV (C: ancestral and T: derived) is highlighted in yellow. Different colors represent distinct alleles, and the frequency of each haplotype is indicated on the
right. (B) Nucleotide diversity plot of three populations around the ASIC3 gene region.
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(18 breeds) in the top and bottom 20th percentiles, respectively (SI
Appendix, Table S9). Of the 59 candidates tested, only an SNV
within the ROBO1 gene (chr31:8305922, P = 3.05 × 10−4), which is
related to dyslexia in humans (34), was significantly associated
(threshold P = 8.47 × 10−3) with the breed-specific agility per-
formance, even after correcting for height, weight, or height/
weight ratio (SI Appendix, Table S10).
To examine whether this finding is relevant in a larger pop-

ulation, the genotypes of 1,243 dogs representing 148 breeds at
the same position were retrieved from publicly available Canine
HD Array data (25). Dog breeds are ordered and assigned to
eight classes by ascending order of breed-specific agility titles (SI
Appendix, Table S11), then plotted against the frequency of the
advantageous A allele of ROBO1 (Fig. 5). The putatively ad-
vantageous allele was defined as that selected in sport-hunting
dogs. We observed a significant trend (slope >0, R2 = 0.77) (Fig.
5), such that breeds with a higher frequency of the advantageous
A allele were likely to earn more titles at agility events than those
with a lower frequency of this allele.

Racing Performance in Whippets. Innate athletic performance was
further investigated in a population of Whippets, an established
racing breed for which we previously demonstrated an associa-
tion between racing grade and a heterozygous knockout in myo-
statin (MSTN) (35). Such mutations cause an increase in muscle
mass in humans, dogs, and mice (36, 37). To infer performance
ability in the current study, we utilized data from 92 racing Whip-
pets, which include the previously studied population of 85 Whip-
pets (35). Each racing dog had previously been assigned a racing
score: A, B, C, or D, in order from fastest to slowest, by theWhippet
Racing Association, using their standard metrics (Methods).
Athletic success can stem from maximized delivery of oxygen

and metabolic substrates due to increases in cardiac output (38),
from improved skeletal muscle efficiency due to altered muscle
fiber type and increased muscle mass (39), or from neurological
factors related to the ability to learn (40). Hence, we further
focused on the cardiovascular (ADRB1 and TRPM3) and muscle
(ABLIM3, ASIC3, RYR3, CDH15, and UTRN) genes as well as
genes involved in learning ability (KCNQ5, CDH15, and ROBO1)
to unravel the complex mechanisms needed to attain elite racing
performance. The variants of the selected genes were genotyped
using Sanger sequencing (SI Appendix, Table S7). Note that the
GRK4 and RIMS1 genes are excluded from this analysis as the
candidate SNVs are located within the repeat-rich regions.

Our analysis revealed that a mutation in the TRPM3 gene
(P = 1.59 × 10−3), in addition to the previously established variant
in the MSTN gene (P = 1.71 × 10−4), showed strong evidence of
association with racing performance even after Bonferroni mul-
tiple testing corrections for 10 independent tests (nine candidate
genes and the MSTN gene) (Table 1). The advantageous allele
(T, chr1:86,847,407) of TRPM3 significantly increased racing
grade, thereby accounting for an additional 11.6% of the vari-
ance in racing performance beyond the effect of MSTN (15.3%).
An excess of the T allele (75%) was noted within the racing
Whippet population. As sex and height may affect racing per-
formance, covariates are included in the regression analysis;
however, the results remained significant (SI Appendix, Table
S12). We found no evidence of interaction between markers. The
allele distribution of TRPM3 in 28 Greyhound dogs with similar

Fig. 4. Signatures of the selective sweep at the CDH23 gene region. (A, Right) Structural and evolutionary analysis of the amino acid variant in CDH23. The
orthologous protein sequences from mammals are aligned with the mutant residues shown in yellow. (Left) The neighbor-joining tree derived from the
multiple sequence alignment. (B) Nucleotide diversity plot of three populations around the CDH23 gene region.

Fig. 5. Association of ROBO1 allele frequency with the breed’s agility titles.
Shown on the x axis are the eight breed groups stratified according to the total
number of agility titles won by each breed, weighted by the total number of
dogs registered for each breed. The allele frequency on the y axis was calcu-
lated for each group based on the allele selected in sport-hunting dogs. The
number of dogs and breeds within each group are indicated below the graph.
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historical roles in racing was also tested but showed no signature
of selection (52.5%).

Selective Sweep in Terriers. Applying the same methodology to the
terrier population, we identified 44 genes and 32 intergenic regions
with significant signals of positive selection (SI Appendix, Tables
S13 and S14). As expected, these include the gene associated with
appearance, such as R-spondin-2 (RSPO2), which we previously
showed is associated with the trait of “furnishings,” i.e., the char-
acteristic moustache and eyebrows observed in the majority of ter-
rier breeds (41). While the terrier group has a reputation for
aggression (42), we observed no significant enrichment of GO cat-
egories related to behavior (SI Appendix, Table S15). However, the
SHANK2 and OXR1 genes, which are involved in hyperactivity and
panic responses, respectively (43, 44), were under selection. We also
noted that NAALAD2, a member of the N-acetylated alpha-linked
acidic dipeptidase (NAALADase) gene family whose inhibition
results in a reduction in aggressive behavior (45), showed significant
signatures of selection (XP-EHH, Δπ, Δr2) in the terrier breeds
tested, despite lacking a highly significant SNV (P < 5 × 10−8).

Discussion
In this study, we compared the genomes of sport-hunting and
terrier breeds and village dog populations to identify genes that can
unravel the genetic basis of complex traits which define terrier and
sport-hunting breeds. Village dogs are nearly ubiquitous through-
out the world, representing mixtures of regional indigenous and
European-derived breed dogs in the absence of structured breeding
(26), making them a valuable outgroup for comparative analyses.
WGS enables accurate inferences of local adaptation, overcoming
the limit of ascertainment bias that is inevitable with SNP geno-
typing arrays (46). However, challenges of positive selection anal-
ysis include a high false-positive rate and an inability to distinguish
selection signatures from the effect of demographic history (47). To
overcome this, we combined different population metrics (XP-
EHH, XP-CLR, nucleotide diversity, extent of LD) and catego-
rized 19 distinct breeds into their corresponding breed groups
based on genetic similarity (25). The null distributions of these tests
(XP-EHH and XP-CLR) demonstrated the robustness to variation
in the diverse demographic scenarios simulated (48, 49), making
them suitable metrics to define selective sweeps in dogs given that
(i) the demographic history of each breed is expected to vary
substantially (15) and (ii) demographic parameters and models of
dog breeds are not explicitly defined. Finally, to effectively distin-
guish the effects of demographic history, which affects all loci with
equal force from natural selection, we constructed empirical dis-
tributions of the test statistics on a dataset of ∼14.9 million SNVs
and defined putative targets of selection based on outliers in the
extreme tail of the distribution (i.e., outlier approach) (50).

A modest overlap in genes detected by XP-EHH and XP-CLR
demonstrates that the two approaches are based on different
patterns of genetic variation: levels of LD (XP-EHH) and al-
lele frequency distribution (XP-CLR). As a result, the time
frame of two approaches varies, as the XP-EHH statistic is
designed to detect alleles that have increased in frequency to
the point of fixation from recent selection, while XP-CLR has
good power to detect regions affected by incomplete sweep or
older selection (47).
The selective sweep mapping for sport hunting identified

59 candidate genes and 51 intergenic regions with significant
divergence. The results were not sensitive to different definitions
of window size (25, 50, 100, and 150 kb), as other window sizes
yielded qualitatively similar results (SI Appendix, Table S16). The
choice of 50 kb as a window size was driven by the intention to
ensure a sufficient number of SNVs while detecting selection
signatures with high resolution. We also showed by randomly
sampling three individuals each from the six American and five
English Cocker Spaniels, which represent the largest number of
samples within the sport-hunting group while maintaining other
breeds, that selection signatures are not driven solely by these
particular breeds (SI Appendix, Table S17). We observed that
positively selected regions tend to have SNVs with higher dif-
ferentiation of allele frequencies in the selected population than
in the nonselected population (Fig. 1D). This finding is concor-
dant with a prior finding, which showed that variants within the
previously defined selective sweeps for human population groups
are more significantly associated with the tested phenotypes than
variants located in the remainder of the genome (51). Further, as
selection produces a skewed allele frequency toward rare alleles,
positively selected regions demonstrate an excess of low-frequency
variants compared with nonselected populations (Fig. 2B).
The positively selected genes are likely the manifestation of at

least 300 y of intense selection that has altered the physiology of
this breed group (43). We show that athletic breeds that excel at
sports and hunting have experienced substantial selective pres-
sure on the blood circulation system (GO: 0008015), possibly to
maximize the delivery of oxygen and metabolic substrates to
exercising muscle (1) by increasing cardiac output (ADRB1 and
GRK4) and effectively regulating contractile response in vascular
smooth muscle cells (TRPM3). Of these, ADRB1 (adrenor-
eceptor beta 1) showed evidence of association with maximum
oxygen consumption during exercise and is one of the previously
identified PEPs in humans (3). In addition, a ryanodine receptor
(RYR3) likely mediates calcium ion release in the contracting
skeletal muscles during field activity, and the contractile strength
is mediated by the skeletal neuromuscular junction differentia-
tion (UTRN) (52). The increased growth and improved function
of skeletal muscle, which are controlled by ABLIM3 and CDH15,

Table 1. Association of candidate genes with racing performance in Whippets

Gene Chromosome POS Selected allele P beta h2

ADRB1 28 24,904,824 G N.S. — —

ASIC3 16 15,103,790 T N.S. — —

TRPM3 1 86,847,407 T 1.59 × 10−3 0.556 0.116
UTRN 1 36,106,849 A N.S. — —

RYR3 30 1,235,869 G N.S. — —

ABLIM3 4 59,737,391 T N.S. — —

ROBO1 31 8,305,922 A N.S. — —

CDH15 5 64,274,090 T N.S. — —

KCNQ5 12 35,272,870 A N.S. — —

MSTN 37 729,360–729,361* Deletion 1.72 × 10−4 1.000 0.153

After Bonferroni multiple testing corrections for 10 independent tests (threshold P = 5 × 10−3), TRPM3 and
MSTN showed significant association with racing performance. Beta, regression coefficient; h2, narrow-sense
heritability; N.S., nonsignificant; POS, candidate SNP position.
*Two-base pair deletion.
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may have enhanced dogs’ physical fitness (53, 54). The ability of
skeletal muscle to resist fatigue can be expressed as muscle en-
durance and is probably the result of adaptive response (ASIC3)
(55). Neurological factors (ROBO1, RIMS1, KCNQ5, and CDH15)
may have enhanced several aspects of canine behavior including
motor control, skill learning, perceptual–cognitive skills, and ulti-
mately athletic ability and success in the dogs (56).
Positive selection increases the power to detect association by

driving the emergence of alleles with strong effect, which facili-
tates discovery of the causal (or tagging) variants (57). In this
context, we scanned the coding variants in the candidate genes
described above. Among the most compelling was a putative
causal variant in the ASIC3 gene (p.Leu512Pro) (Fig. 3). De-
letion of the ASIC3 gene prevents fatigue-enhanced muscle pain
in a mouse model (58). This allele therefore may have increased
in frequency with a loss-of-function role, owing to the burden of
muscle pain after repetitive acute exercise. We note that only
one of 28 wolf samples examined (SI Appendix, Table S1) carried
this mutation, suggesting that the derived allele has reached near-
fixation in sport-hunting breeds (82%) through strong positive
selection in a short time frame.
Many sport-hunting dog breeds have a high incidence of con-

genital deafness (59, 60). We observe strong signatures of selec-
tion in sport-hunting breeds in the CDH23 gene, which is a
member of the cadherin superfamily and is expressed in the
neurosensory epithelium. Humans with missense mutations in
CDH23 suffer sensory impairment, and the gene is located in the
region associated with Usher syndrome type I in humans (61).
Typical symptoms of Usher syndrome type I include peripheral
vision and hearing loss as well as speech delays related to senso-
rineural hearing loss. The notion that any subset of sport-hunting
dogs would have a selective sweep around the mutation (p.
Met2617Val) in this gene was initially puzzling, as was the fact
that it was not found in other closely related mammals (Fig. 4A).
We also detected selection in the MSRB3 gene, whose deficiency
is responsible for auditory hair cell loss, which ultimately results in
profound deafness in mice (62). We hypothesize that partial loss
of gene function may reduce the startle response in dogs, which,
for sport-hunting dogs, would enhance their success as hunter
companions. It also remains possible that other environmental
factors such as conditioned training or acquired damage to the
auditory system induced by exposure to gunshot noise may have
contributed to their reduced startle reflex. Finally, considering
that variants of CDH23 also confer susceptibility to age-related
hearing loss in some inbred mouse strains (63), the mutation
might cause an accelerated age-related hearing loss in these dogs
after exposure to loud noise. Additional investigation is required
to test these hypotheses, especially given that the crystal structure
of this domain has not yet been determined and the cascade of
molecular effects of this variant remains to be elucidated.
We observed a significant association of ROBO1 with breed-

specific accomplishments in competitive agility events (Fig. 5).
ROBO1 is a neuronal axon-guidance receptor gene involved in
brain development, and disruption of this gene by translocation
predisposes to the cognitive and learning disorder of dyslexia (34,
64, 65). Genetic variation in the ROBO1 gene may cause vari-
ability in cognitive plasticity that explains the marked differences
in physical performance (56) and in the potential of adaptation for
performance between dog breeds. More specifically, ROBO1 may
have affected the ability to identify and acquire environmental
information (e.g., an obstacle course) so that task-specific re-
sponses can be selected and executed at the agility events.
The TRPM3 gene shows a strong association with racing

grades in Whippets. The gene product is a mammalian transient
receptor potential channel and is expressed in smooth muscle
cells of blood vessels, where the channel activity is related to
contractile phenotypes (66). The significant association between
the TRPM3 variant and racing speed suggests that the mutation

may confer a selective advantage in regulating blood flow to
skeletal muscle which can, by extension, be linked to enhanced
athletic performance. Heritability estimates of performance-
related traits range from 20–70% in humans (2) and 17–40%
in racehorse populations (67, 68) but were generally unknown in
dogs. We observed a significant genetic contribution from TRPM3
(11.6%), which, when combined with the 15.3% we observed pre-
viously in MSTN (35), accounts for 26.9% of the variation in racing
speed in Whippets. Our previous study revealed that a 2-bp knock-
out mutation in MSTN is largely observed in the heterozygous state
among racing Whippets (35). The homozygous state is not lethal but
procures heavily muscled “bully” dogs that are typically removed
from breeding stocks as they do not conform to breed standards and
have health issues (69). Contrary to MSTN, the advantageous T al-
lele in TRPM3 gene has a frequency of 75% in 92 Whippets and is
present in both the homozygous (57%) and heterozygous states
(43%). The high frequency of homozygous dogs implies that the
allele does not confer health issues. Although Greyhounds and
Whippets share a common ancestral gene pool, we found no evi-
dence of selection for the T allele (52.5%) within Greyhound sam-
ples tested. This result is in agreement with our previous observation
that Greyhounds do not carry the MSTN mutation (35). However,
the Greyhounds tested were not solely selected as racing dogs. The
allele frequency might have been shifted had they been from a co-
hort of racers. In thoroughbred racehorses, studies have revealed the
relationship between polymorphisms in MSTN and the genetic po-
tential to improve racing ability and stamina (70). However, no
previous studies have demonstrated a role for TRPM3 in sports,
suggesting additional avenues for improvement of athletic pheno-
types in other species (e.g., marker-assisted selection).
Trade-offs frequently exist so that enhancements in one area of

performance occur in conjunction with disadvantages in reciprocal
performance areas (10). The superior performance is task specific
and is dependent on advantages in cardiovascular (TRPM3 on
racing speed) or neuronal (ROBO1 on agility sports) mechanisms.
Thus, it is possible that variants in additional candidate genes may
benefit performances in different canine sports which rely on
abilities not directly measured in this study. For example, speed
requires a high proportion of fast, fatigue-sensitive muscle fibers,
while endurance relies on slower muscle fibers that are fatigue
resistant (71). Consistent with this, the previous evaluation for
breed composition of mixed-breed Alaskan sled dogs indicated a
significant genomic contribution of Pointer to the sprint sled dog
and of Alaskan Malamute to the distance sled dogs (72), as the
two breeds represent strong short-distance racers and long-
distance endurance competitors, respectively. We also note that
it is likely that MSTN and TRPM3 are an unrepresentative sample
of all genes associated with increased racing speed in Whippets;
this limitation can be overcome by a more thorough and inclusive
WGS analysis of a large Whippet population.
Terriers are described as courageous and tenacious dogs that

have traditionally been employed to rid rural or urban landscapes
of vermin (11). They were crossbred with Mastiffs and Bulldogs
from 1860–1870 to create breeds that excel in dog fighting (25,
42). Our screening for regions under positive selection in terrier
breeds revealed genes (SHANK2 and OXR1) that, when mutated,
have been implicated in autism-like behaviors and hyperactivity
and panic disorders, respectively. These human behavior com-
plexes in the context of breed traits could explain the terriers’
distinctive responses to stimuli, territoriality, and confrontational
attitudes that have resulted from generations of selective breeding.
It is worth noting, however, that aggression is one of the most
complex canine behavioral traits, and considerable work remains
to be done to understand this phenotype in all breeds (45).
Intergenic regions also showed signatures of positive selection

in each population, and some of these regions may reflect ge-
netic hitchhiking effects near a selected locus (12) such as RYR3
in sport-hunting breeds (distance of 33 kb) and RSPO2 in terriers
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(distance of 35 kb). It is also possible that these regions highlight
the adaptive regulatory divergence between populations within
DNA methylation, transcription factor binding, DNase I hyper-
sensitive sites, or other epigenetic factors (73). For instance,
sport-hunting dogs exhibited a selection signature at 67 kb up-
stream of MSX2, which encodes a member of the muscle seg-
ment homeobox gene family. This gene is important in cardiac
outflow tract morphogenesis and is also linked to the formation
of the atrioventricular junction and valves (74). Although we did
not find evidence of selection within this gene region, further
functional analysis may provide evidence that this candidate
regulatory region is physically associated with expressed MSX2.
Dog breeds illustrate extraordinary diversity in athletic prow-

ess, providing a rare lens through which to view genetic variation
and evolutionary forces that govern athletic success. Our study
revealed positively selected genes associated with muscular,
cardiovascular, and neuronal functions in sport-hunting versus
terrier and village dogs that we now hypothesize played a role in
enhancing their athletic ability. Indeed, sport-hunting breeds are
truly unique in that they have achieved astounding genetic suc-
cess in the course of their short history. As they continue to strive
for greatness, selective pressures may lead to an even greater
refinement of “the champion genome,” and their distinct and
evolving genetic makeup is sure to further expand our knowledge
about the genetics of athletic performance.

Materials and Methods
Sample Collection. Blood samples were collected from purebred AKC-
registered or pedigree-verified dogs after written consent was obtained
from the dog owners as previously described (75). Genomic DNA was isolated
using the proteinase-K/phenol-chloroform methods (76) and then was
stored at −80 °C. All procedures were approved by the National Human
Genome Research Institute Animal Care and Use Committee at the NIH
before collection. Samples were collected from individuals that were un-
related to one another at the grandparent level.

Whole-Genome Sequencing Data. Data from 127 individuals were obtained via
the National Center for Biotechnology Information (NCBI) Short Read Archive
(SRA) (https://www.ncbi.nlm.nih.gov/sra) from previously published studies or
were sequenced for this study by the NIH Intramural Sequencing Center using
the Illumina TruSeq DNA PCR-Free Protocol (catalog no. FC-121-3001) (SI
Appendix, Table S1). Previously unpublished data from six sequenced dogs
have been deposited in the SRA (https://www.ncbi.nlm.nih.gov/sra), and a full
list of accession numbers is provided in SI Appendix, Table S1. Together, the
paired-end sequence reads were then mapped against the CanFam 3.1 refer-
ence genome (genome.ucsc.edu/cgi-bin/hgGateway?db=canFam3) using Bur-
rows–Wheeler Aligner (BWA) 0.7.13 MEM (77), sorted with SAMtools 0.1.10
(78), and screened for putative PCR duplicate reads with PicardTools 1.119
(https://github.com/broadinstitute/picard). The Genome Analysis Toolkit 3.5
(GATK) (79) was used to perform local realignment of reads to correct mis-
alignments due to the presence of indels using 714,278 variants (80) as the
training set. SNVs were called per-individual in gVCF mode of HaplotypeCaller
(81), with subsequent joint-calling across the entire population. GATK best
practices and default parameters, together with the initial alignment training
sets, were used for variant quality score recalibration of SNVs. A total of
∼14.9 million autosomal SNVs that were polymorphic in the population and
passed our quality control criteria of a maximum missing rate <10% and
quality score >20 were used for subsequent analyses. We used BEAGLE v.4.0
(82) to infer the haplotype phase for the entire population.

To infer the ancestral alleles from wolves and utilize the genotypes from
expanded population of 92 breeds on candidate genes, we leveraged the
publicly available variants of 435 dogs (SI Appendix, Table S1, https://data.
broadinstitute.org/vgb/435_dog_data/).

Sanger Sequencing of Candidate Genes. Candidate SNVs within the ASIC3 and
CDH23 genes were first genotyped in 165 dogs representing 15 breeds using
Sanger sequencing (SI Appendix, Table S6). We then genotyped additional
candidate genes (ASIC3, ADRB1, TRPM3, UTRN, RYR3, ABLIM3, CDH15,
ROBO1, and KCNQ5) in Whippets. Positions of the markers and the resulting
allele frequency of each breed are provided in SI Appendix, Table S7. Primers
were designed using Primer3 software (SI Appendix, Table S7) (83). The re-
gions containing the tested SNV were amplified by PCR with AmpliTaq Gold

(Applied Biosystems). PCR products were purified by ExoSap-It reaction
(Affymetrix). The BigDye Terminator v3.1 cycle sequencing kit (Applied
Biosystems) was used for Sanger sequencing, and the products were run on
an ABI 3730 DNA analyzer (Applied Biosystems). Sequence traces were an-
alyzed using ApE software to make genotype calls.

Population Analysis. PCA utilized Genome-Wide Complex Trait Analysis
(GCTA) (84) to estimate the eigenvectors, incorporating genotype data from
all samples. We used VCFtools 4.0 (85) to estimate nucleotide diversity (in
windows of 50 kb) and minor allele frequency. LD between pairs of markers
and allele frequency differentiation (χ2 test) were assessed using PLINK
v.1.07 (86). The r2 value was calculated between all pairs of SNVs with inter-
SNV distances of less than 50 kb (r2 and LD window parameters). Haploview
software (87) was used to evaluate the haplotype structure and estimate
haplotype frequencies in each dog population. The ortholog proteins of
CDH23 in 11 species were retrieved from Ensembl (release 87), and Cluster
Omega was used to perform multiple sequence alignment. The resulting
tree was generated using FigTree v1.4.0.

Identification of Selective Sweeps. The XP-EHH method was used to detect
selective sweeps (hgdp.uchicago.edu/Software/) (88). An XP-EHH score is di-
rectional: In the current paper, an extreme positive score implies selection in
sporting hunting dogs, whereas a negative score suggests selection in the
terriers. We split the genome into nonoverlapping segments of 50 kb to use
the maximum (sport hunting) or minimum (terrier) XP-EHH score of all SNVs
within a window as a summary statistic for each window. To take into account
the SNV density, we binned genomic windows according to their numbers of
SNVs in increments of 200 SNVs (combining all windows with ≥600 SNVs into
one bin). Within each bin, for each window i, the fraction of windows with a
value of the statistic greater than that in i is defined as the empirical P value,
following the method previously reported (48).

We also performed the XP-CLR test (https://reich.hms.harvard.edu/software)
for detecting selective sweeps that involve jointly modeling the multilocus
allele frequency between two populations (49). We used the following pa-
rameters: nonoverlapping sliding windows of 50 kb, a maximum of 600 SNVs
within each window, and correlation level from which the SNVs contribution
to XP-CLR result was down-weighted to 0.95. Independent XP-CLR tests were
performed to identify selection signals in each population group separately.
The genetic map was assumed to be 1 cM/Mb.

The regions with XP-EHH P values less than 0.01 (1%) and XP-CLR values in
the top 1% of the empirical distribution were considered strong signals in
sport-hunting versus terrier groups. (SI Appendix, Figs. S4 and S5). A more
relaxed threshold of 5% was used in the comparison with the random-bred
village dogs to consider the large genetic distance to the selected pop-
ulations of sport-hunting and terrier dogs. Significant genomic regions
identified from each step were annotated to the closest genes. The genes that
overlapped the significant window regions were defined as candidate genes.

For gene enrichment analysis of candidate genes, PANTHER v.11 (89)was used
to determine if there was any significant overrepresentation of genes with
functional categories (GO-slim Biological Process). A P value of 0.01 (no correc-
tion for multiple testing) was used as the criterion for statistical significance.

Racing Grades of Whippets and Agility Titles of Breeds. The racing grades of 92
Whippets were previously obtained from the Whippet Racing Association
(WRA) website (www.whippetracing.org) (35). We followed the definition of
WRA racing grades (www.whippetracing.org/Rules/2006/2006Chapter5.htm)
as A, B, C, and D in order from fastest to slowest. Each dog was assigned a
grade based on the highest grade achieved during that dog’s career. The
racing grades were converted to numeric values (A, 4; B, 3; C, 2; D, 1) and
were z-transformed for association analysis. The dog’s sex and height at the
withers was obtained from our previous publication (35).

The total number of agility titles won by each breed and the number of
dogs registered per breed was provided by the USDAA (https://www.usdaa.
com/). The lm function in R version 3.2.2. was used to perform linear re-
gression analyses. The linear mixed model implemented in GEMMA (33) was
used to test for association between groups stratified by agility titles.

Data Availability. The six newly sequenced dog genomes in this study are
publicly available from GenBank (Bioproject accession no. PRJNA389682).
NCBI-SRA accession numbers are available in SI Appendix, Table S1.
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