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The size, shape, and behavior of the modern domesticated dog has
been sculpted by artificial selection for at least 14,000 years. The
genetic substrates of selective breeding, however, remain largely
unknown. Here, we describe a genome-wide scan for selection in
275 dogs from 10 phenotypically diverse breeds that were geno-
typed for over 21,000 autosomal SNPs. We identified 155 genomic
regions that possess strong signatures of recent selection and
contain candidate genes for phenotypes that vary most conspicu-
ously among breeds, including size, coat color and texture, behavior,
skeletal morphology, and physiology. In addition, we demonstrate a
significant association between HAS2 and skin wrinkling in the
Shar-Pei, and provide evidence that regulatory evolution has played
a prominent role in the phenotypic diversification of modern dog
breeds. Our results provide a first-generation map of selection in the
dog, illustrate how such maps can rapidly inform the genetic basis of
canine phenotypic variation, and provide a framework for delineat-
ing the mechanistic basis of how artificial selection promotes rapid
and pronounced phenotypic evolution.

Canis lupis | evolution

he modern domesticated dog (Canis lupus familiaris) repre-

sents one of the longest-running experiments in human his-
tory (1, 2). This experiment, still actively being conducted, has
resulted in over 400 genetically distinct breeds that harbor con-
siderable variation in behavioral, physiological, and morpho-
logical phenotypes (3). Although the domestication of dogs
began over 14,000 years ago (4, 5), the spectacular phenotypic
diversity exhibited among breeds is thought to have originated
much more recently, largely through intense artificial selection
and strict breeding practices to perpetuate desired character-
istics. Thus, the canine genome, shaped by centuries of strong
selection, likely contains many important lessons about the
genetic architecture of phenotypic variation and the mechanistic
basis of rapid short-term evolution. Indeed, dogs and other
domesticated species played an important role in Darwin’s On
the Origin of the Species (6), as they provide vivid examples of
descent with modification. However, relatively little progress has
been made on systematically identifying which regions of the
canine genome have been influenced by selective breeding dur-
ing the natural history of the dog.

Most studies of artificial selection in dogs have focused on
single-gene analyses arising from phenotype-driven studies.
Notable examples include IGFI (7), an expressed FGF4 retro-
gene (8), and three genes (RSPO2, FGF5, and KRT71) (9) that
influence variation in size, limb length, and coat phenotypes,
respectively. However, candidate gene approaches are not well
suited to providing general insights into the frequency, location,
and types of loci influenced by selection. Furthermore, disen-
tangling the confounding effects of selection and demographic
history on patterns of DNA sequence variation is notoriously
difficult with single-locus analyses (10). To date, the only
genome-wide analysis of selection in dogs has focused on a
specific phenotype in a single breed, foreshortened limbs in
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Dachshunds, using a relatively coarse panel of microsatellite
markers (11).

Recent advances in canine genomics, including a high-quality
reference sequence (12), the construction of a dense map of over
2.5 million SNPs (12), and the development of SNP genotyping
arrays (13) have enabled systematic studies of canine genomic
variation. Using these genomic resources, we performed the
largest genome-wide scan to date for targets of selection in
purebred dogs. By applying unique statistical methods to a map
of over 21,000 SNPs genotyped in a phenotypically diverse panel
of 10 breeds, we identified 155 regions of the canine genome that
have likely been subject to strong artificial selection. Our results
are unique in providing a detailed glimpse into the genetic legacy
of centuries of breeding practices, suggest that regulatory evo-
lution has played a prominent role in the rapid phenotypic
diversification of breeds, and nominate numerous candidate
genes for contributing to breed-specific differences in behavior,
morphology, and physiology.

Results

SNP Characteristics and Data Quality. We genotyped =~21,000
autosomal SNPs with Illumina’s Infinium CanineSNP20 Bead-
Chip in a panel of 275 unrelated dogs from 10 phenotypically
and genetically diverse breeds (Table 1). SNP markers were
uniformly distributed throughout the genome, with a median
SNP density of 103.5 + 124.6 kb. Table 1 provides summary
statistics of polymorphism for each breed. Note the average
minor allele frequency was ~25% across breeds, which reflects
the ascertainment bias toward common alleles based on the SNP
discovery strategy (12). Relationships among breeds were
investigated by principal components analysis, which demon-
strated that the German Shepherd, Shar-Pei, Beagle, and
Greyhound were particularly genetically distinct (Fig. S1).

We performed several analyses to assess SNP data quality.
First, four individuals were genotyped in duplicate, and the
concordance among genotype calls was >99% across all repli-
cates. Second, for each breed, arrays were performed on a trio of
samples and non-Mendelian transmission, indicative of geno-
typing errors or copy number variants, was assessed. In total,
~0.4% of markers exhibited Mendelian inconsistencies, con-
sistent with the low genotyping error rate suggested by the rep-
licate arrays. Finally, we assessed the genotyping call rate across

Author contributions: J.M.A,, A.LR., A.K.W., and M.W.N. designed research; J.M.A., A.L.
R., D.T.A, CF.C,, J.M,, and T.J.N. performed research; A.K.W. contributed new reagents/
analytic tools; J.M.A., D.T.A., AK.W., and M.W.N. analyzed data; and J.M.A. and M.W.N.
wrote the paper.

The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.

To whom correspondence may be addressed. E-mail: akeyj@u.washington.edu or mark.
neff@vai.org.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0909918107/DCSupplemental.

PNAS Early Edition | 10of 6

n
=
=
w
=
]
o



http://www.pnas.org/cgi/data/0909918107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
mailto:akeyj@u.washington.edu
mailto:mark.neff@vai.org
mailto:mark.neff@vai.org
http://www.pnas.org/cgi/content/full/0909918107/DCSupplemental
http://www.pnas.org/cgi/content/full/0909918107/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.0909918107

Table 1. Summary statistics of polymorphism in each breed
Breed (abbreviation) n Average MAF (Var) Average HE (Var) Fraction monomorphic
Beagle (BGL) 26 0.238 (0.018) 0.268 (0.035) 0.138
Border Collie (BC) 44 0.237 (0.020) 0.290 (0.034) 0.097
Brittany (BRT) 27 0.242 (0.019) 0.279 (0.033) 0.103
‘ Dachshund (DSH) 24 0.255 (0.018) 0.279 (0.029) 0.093
T ) German Shepherd (GSH) 30 0.227 (0.018) 0.237 (0.037) 0.205
‘ Greyhound (GRY) 21 0.243 (0.018) 0.248 (0.032) 0.171
" Jack Russell Terrier (JRT) 24 0.263 (0.019) 0.332 (0.029) 0.045
Labrador Retirevers (LBR) 25 0.252 (0.018) 0.302 (0.033) 0.097
a Shar-Pei (SHP) 27 0.242 (0.019) 0.287 (0.034) 0.104
Standard Poodle (STP) 27 0.253 (0.019) 0.295 (0.032) 0.099

HE, heterozygosity; MAF, minor allele frequency.

all individuals and found uniformly high call rates (>99%). Thus,
these analyses suggest that the genotype data are of high quality.

Signatures of Selection in the Canine Genome. A large number of
statistical tests have been developed to detect deviations from
neutrality (10). We developed a population-genomics strategy
based on levels of population differentiation, as it is well suited to
detect lineage-specific selective events and is robust to whether
selection acts on newly arisen or preexisting variation (14). Spe-
cifically, for each SNP we defined a statistic, d;, which is a function
of pairwise Fsr (15) between breed i and the remaining breeds. A
formal description of d; is provided in Methods, but in words, d;
measures the standardized locus-specific deviation in levels of
population structure for breed i relative to the genome-wide
average, summed across all pairwise combinations involving
breed i. Large positive values indicate loci, with high levels of
population structure relative to the genome-at-large. Thus, it is

d °

particularly well suited for detecting selection specific to a par-
ticular breed, or subset of breeds, and isolating the direction of
change, which is not possible when a single estimate of Fgr is
calculated across all populations (16). To attenuate the stochastic
variation inherent in single-locus estimates of population struc-
ture (17), we performed a sliding-window analysis in which d;
values were averaged in nonoverlapping 1-Mb windows through-
out the genome.

The genome-wide distribution of d; is shown in Fig. 1. We
define candidate selection regions as outliers falling in the 99th
percentile of the empirical distribution of d,. In total, 155 out of
the 1,933 windows met this criterion in one or more of the 10
breeds (Table S1). Several observations suggest that our set of
outlier loci is enriched for targets of selection. First, all five genes
that have been mapped to date through large-scale association
studies of hallmark breed traits are among our list of most dif-
ferentiated regions: IGFI in breeds of small size (7), a locus on
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Fig. 1. Genomic distribution of population structure in 10 dog breeds. The

distribution of d; for each 1-Mb interval across all autosomes is shown for each

breed. Alternating gray and black indicate values in d; from adjacent chromosomes. The dashed red line denotes the 99th percentile for each breed. Breeds

are abbreviated as described in Table 1.
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CFA 18 that is responsible for the characteristic short-limb
phenotype in Daschshunds and other breeds (8), and three genes
(RSPO2, FGFS5, and KRT71) that influence coat phenotypes in
many breeds (9).

Second, we performed extensive coalescent simulations that
take into account SNP ascertainment and major demographic
features, such as population structure and breed-specific bottle-
necks. The neutral coalescent model closely recapitulates many
characteristics of the observed data, such as average pairwise
Fst, average number of markers per 1-Mb window and dis-
tribution of minor allele frequencies (Fig. S2). The observed data
contalns significantly more highly differentiated loci (P = 1.3 x
1077) compared with the simulated data.

Third, we observed a significant enrichment of signatures of
selection in or around genes relatlve to putatively neutrally
evolving reglons (P = 2.95 x 107%), which is expected if adaptive
variation is overrepresented in genic regions. Similar observa-
tions have also been made in genome-wide scans of selection in
humans (18, 19). Collectively, these observations support the
hypothesis that the most differentiated regions of the canine
genome are enriched for targets of selection.

Shared Versus Unique Selective Events. To investigate how fre-
quently selective events were unique or shared among breeds, we
calculated the number of overlapping signatures of selection for
each of the 155 significant 1-Mb windows (Fig. 24). Approx-
imately 103 of the 155 significant windows (~66%) were
observed in just one or two breeds (Fig. 24). These loci likely
contain genes that confer breed-restricted phenotypes, such as
skin wrinkling in the Shar-Pei (see below). Conversely, 16 of the
155 significant windows (~10%) exhibited signatures of selection
in five or more breeds. Such pervasive differentiation at a single
locus is consistent with the action of a gene that generally sorts
individuals into phenotypic classes and breed groups. For
example, one window with strong evidence of selection in mul-
tiple breeds is located on CFA1S5 (43.6-44.6 Mb) and contains

>

the IGFI gene, which governs the miniature size of breeds in the
“toy” group (7). Interestingly, a region on CFA 3 (44.6-45.6 Mb)
that includes the IGFIR gene also shows a strong signature of
selection in the Dachshund and Brittany, suggesting that multi-
ple steps in the insulin growth-factor signaling pathway have
been substrates of artificial selection in dogs.

One of the most differentiated regions of the canine genome
that shows evidence of selection in multiple breeds occurs in
three contiguous windows on CFA 10 (Fig. 2B). Sliding-window
analyses of pairwise Fsr across the 3-Mb interval suggests two or
more independent selective events, reflected by two peaks of
differentiation with distinct patterns of allele frequency diver-
gence among breeds (Fig. 2B). The peak of differentiation
observed from 11.2 to 11.3 Mb coincides with the HMGA?2 gene,
whose protein product is an integral component of enhanceo-
somes and regulates gene expression (20). In mice, mutations in
HMGA? result in the pygmy phenotype (21), characterized by
aberrations in adiposity and disrupted growth leading to dwarf-
ism. In our data, the small-sized breeds (Dachshund, Beagle,
Jack Russell Terrier, and Brittany) show high levels of differ-
entiation at HMGA2 compared to the larger-sized breeds (Fig.
2B). At the most differentiated SNP near HMGA2, allele fre-
quency is s1gn1ﬁcantly correlated with body weight (Pearson P =
0.68, P = 0.003). Thus, HMGA?2 is a strong candidate for
mediating variation in size among dogs. The second peak of
differentiation in the CFA 10 region (10.35-10.45 Mb), in which
the German Shepherd, Jack Russell Terrier, Border Collie, and
Greyhound are strongly differentiated from the Dachshund,
Beagle, Brittany, and Shar-Pei (Fig. 2B), overlaps two genes,
GNS and RASSF3. GNS is a particularly interesting candidate as
its avian ortholog (QSulfl), regulates WNT signaling during
embryogenesis in myogenic somite progenitors (22).

Overview of Candidate Selection Genes. The 155 candidate selec-
tion loci contain 1,630 known or predicted protein-coding genes.
To obtain a broad overview into the molecular functions of these
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Shared versus unique signatures of selection. (A) The number of overlapping signatures of selection in each 1-Mb window is shown. We define an

overlapping signature of selection for each window if the empirical P value is < 0.01 in one breed and < 0.05 in another breed. Alternating white and vertical
light yellow rectangles indicate adjacent chromosomes. The red arrow indicates the chromosomal region shown in B. (B) (Upper) Sliding-window analyses of
pairwise Fst among German Shepherds, Jack Russell Terriers, and Beagles. Gray boxes indicate two distinct peaks of differentiation (at ~10.3-10.4 Mb and
11.3-11.4 Mb). Note the different patterns of pairwise Fsr in the two peaks of differentiation. Additional breed comparisons have been omitted for clarity.
(Lower) Unrooted neighbor joining trees are shown for all breeds inferred from markers in each of the peaks of differentiation above. Note the distinct
topology between the two trees (BGL, JRT, DSH, and BRT lineages are shown in blue).
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genes and to test the hypothesis that particular functional classes
are enriched in the most differentiated regions of the canine
genome, we performed a gene ontology (GO) analysis. Table S2
summarizes GO molecular function and biological process terms
that are significantly enriched among genes in candidate-selection
regions. Similar to analyses of selection in natural populations
(23), we find that genes involved in immunity and defense are also
significantly overrepresented in the 155 candidate selection
regions. This is somewhat surprising, as natural and artificial
selection would not necessarily be expected a priori to act on
similar classes of genes, and suggests that immune related genes
are pervasive targets of selection because of their critical role in
pathogen defense or propensity for pleiotropic effects (24).

The average number of genes in each of the 155 candidate
selection regions was ~11. Thus, it is difficult to precisely identify
the specific gene that has been influenced by selection. None-
theless, the 155 most differentiated loci possess many strong
candidate genes that influence phenotypes that vary con-
spicuously among breeds, such as size (HMGAZ2 and IGFIR), coat
color and texture (SILV and MITF'), behavior (CDH9, DRDS, and
HTR2A), skeletal morphology (SOXY9), and physiology (FTO,
SLC2A49, and SLC5A42).

However, more definitive inferences can be made for eight
regions, in which there is only a single protein-coding gene located
within the interval (Table S3). Possible phenotypes that each gene
may influence are listed in Table S3, and more detailed informa-
tion is provided in the SI Text. Interestingly, three of the eight
genes are transcription factors (ZFHX3, SOX9, and SATBI).
There has been considerable debate about the relative con-
tribution of changes in gene regulation versus protein structure as
mechanisms of evolutionary change (25, 26). Similar to analyses of
artificial selection in other domesticated species (27-29), our data
suggest that tinkering (30) with gene-expression networks may
have played a prominent role in the rapid phenotypic diversifica-
tion of modern dog breeds.

We note that the stringent threshold used to define candidate
selection regions has likely excluded genuine substrates of selec-
tion. For example, regions on CFA 9 and 27 lie just beyond our

SNTB1 FTsJ1 HASZ
1,00 T 1
0.75
=
050
0.25 | ‘
oto L _
226 228 230 232 234
Chromosome 13 Position (Mb)
1.00 4
e 075
s
2
&
4
8 oso
§
) ‘ ‘
025
0.00
2334 2335 23.36 2337

Chromosome 13 Position (Mb)

threshold of significance in Poodles (empirical P-values = 0.021
and 0.014, respectively). These regions contain numerous keratin
gene family members, which are important structural proteins of
the skin, nails, and hair (Fig. S3). Of particular interest are
members of the type-I hair keratins on CFA 9 (KRT25, KRT27,
KRT28, KRT32, KRT35, and KRT36) and type-II hair keratins on
CFA 27 (KRT71, KRT72, KRT73, KRT74, KRT82, KRT84, and
KRT85). Recently, variation in KRT7! has been associated with
curly coat phenotypes in several breeds (9), which validates our
CFA 27 results. Our data suggest that additional keratin genes on
CFA 9 are also strong candidates for contributing to the curly
coat phenotype.

Regulatory Variation in HAS2 Is Associated with Skin Wrinkling of
Shar-Peis. To characterize candidate selection genes in more
detail, we focused on a region on CFA 13 with evidence of
selection in the Shar-Pei (Fig. 34) that contains three genes
(SNTBI, FTSJ1, and HAS2). A distinguishing characteristic of
the Shar-Pei is cutaneous mucinosis, or excessive skin wrinkling.
The degree of skin folds correlates with high mucin content
histologically and elevated levels of hyaluronic acid biochemi-
cally (31). HAS2, which is a hyaluronic acid synthase, was thus a
strong candidate gene. In addition, rare mutations in human
HAS2 have been described that result in severe cutaneous
mucinosis (32).

To test the hypothesis that genetic variation in HAS2 contrib-
utes to skin wrinkling, we exploited the intrabreed phenotypic
variation that exists in the degree of wrinkling within Shar-Pei
(Fig. 3B). Specifically, we sequenced ~3.7 kb of HAS2 (including
all exons, intron/exon boundaries, and untranslated regions) (Fig.
3C) from 32 wrinkled and 18 smooth-coated purebred Shar-Pei
(Fig. 3B). In total, we discovered five polymorphisms, none of
which are located in coding regions (Table S4). One of the
upstream polymorphisms was nearly fixed in both wrinkled and
smooth dogs and was not considered further (Table S4). Associ-
ation mapping was performed with a permutation-based Cochran-
Armitage trend test (33) on the four remaining SNPs, all of which
demonstrated significant differences in genotype frequencies
between wrinkled versus smooth Shar-Pei (Table S4).

W Wrinkled
1 Smooth

| —
0a o
Genotype

Fig. 3. Geneticvariation in HAS2 is associated with skin wrinkling in Shar-Pei. (A) Single locus estimates of Fst between Shar-Pei and Dachshund across a 1-Mb
window. Similar patterns were observed for Shar-Pei compared to other breeds, but have been omitted for clarity. The location of all protein-coding genes
are shown as rectangular boxes. (B) An example of smooth (Left) and wrinkled (Right) Shar-Pei dogs. (C) Exon structure of HAS2. Conservation values
obtained from the University of California Santa Cruz genome browser are shown below. Black horizontal lines indicate sequenced regions. (D) Genotype
frequencies of the intron 2 indel (site 13805 in Table S4) in smooth and wrinkled Shar-Pei, which are significantly different (P = 6.28 x 107°). Deletion and

insertion alleles are denoted as “D” and “d,” respectively.
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We next sequenced all of the HAS2 amplicons in a diverse
panel of 94 dogs derived from 20 breeds (Table S5). The most
differentiated SNP between the Shar-Pei and other breeds is a 2-
bp indel ~86 bp 3’ of exon 2 (Table S5). The deletion allele is
significantly associated with the wrinkling phenotype (P = 6.28 X
1075; see site 13805 in Table S4 and Fig. 3D), where the fre-
quency of the deletion allele is ~0.91 and 0.53 in wrinkled and
smooth Shar-Pei, respectively. The deletion allele is rare outside
of the Shar-Pei (~1.6%) (Table S5) and no homozygous dele-
tions were found in any of the 94 dogs.

Although experimental studies will ultimately be necessary to
determine whether the polymorphisms described in Table S4 are
functionally important, it seems unlikely that any of them are
causally related to skin wrinkling in the Shar-Pei. The most
strongly associated polymorphism (site —424) is common across
breeds (Table S5). Even though the intron 2 polymorphism does
possess patterns of variation between the Shar-Pei and other
breeds expected for a causal polymorphism, it is not located in a
region of high sequence conservation and is not embedded in any
obvious regulatory elements. Therefore, we hypothesize that the
polymorphisms in Table S4, and in particular the 2-bp intron 2
indel, are in linkage disequilibrium (LD) with the unidentified
causative allele. As no variation was found in the HAS2 coding
region, the causal allele is likely a regulatory polymorphism.
Consistent with this hypothesis, of the 50 Shar-Pei dogs in the
resequencing panel, 22 overlap with the set of individuals used for
Illumina SNP genotyping. As shown in Fig. S4, the strongest
associations for this subset of individuals in the SNP data occur
upstream of the HAS2 gene, suggesting the causal polymorphism
lies 5’ to HAS?2.

Discussion

The extensive phenotypic diversity that exists between dog breeds
has long been recognized as a unique portal into the genetic
architecture of phenotypes. However, much of this phenotypic
variation has been refractory to traditional genetic mapping
because traits of interest, such as morphology and behavior,
largely vary between but not within breeds. This conundrum,
referred to as the “segregation problem” (3), has only recently
been addressed by genome-wide association mapping of pheno-
types between breeds (7-9). Here, we describe a complementary
approach to the segregation problem that is agnostic to pheno-
types by identifying regions of the dog genome that exhibit sig-
natures of artificial selection. In total, we identified 155 loci that
possess strong signatures of recent selection, including all five
genes previously identified by whole-genome association studies
of hallmark breed traits (7-9). Our selected regions also contain
many previously unconsidered candidate genes that contribute to
phenotypic variation among breeds. Thus, the combination of
genome-wide association mapping between breeds and hitchhik-
ing mapping (34) such as has been pursued here is poised to
rapidly dissect phenotypic variation in dogs.

Despite the insights gleaned from our data, it is important to
note several limitations and challenges. Most importantly, simply
possessing a pattern of variation that is unusual relative to the
genome at large does not prove that a locus is under selection
(10). Indeed, the stochastic variation in gene genealogies among
dog breeds is expected to be large, given the dramatic demo-
graphic perturbations that canine populations have experienced.
Ultimately, a denser map of polymorphisms in a wider collection
of breeds will allow additional tests of neutrality to be performed
(10), and positions of putatively selected variation to be refined.

In interpreting the signatures of selection that we identified, we
have leveraged information about gene function from other spe-
cies, particularly humans. For example, rare mutations in human
HAS?2 have been described (32) as resulting in cutaneous muci-
nosis. As another example, there is a strong signature of selection
that is coincident with the F70 gene in Beagles. A number of well-
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replicated studies in humans have demonstrated that variation in
FTO contributes to variation in body mass index and related
metabolic traits (35), suggesting that this gene influences similar
phenotypes in Beagles. However, the portability of genotype-
phenotype correlations need not move exclusively from humans
to dogs. Indeed, a motivating factor driving canine genomics is the
potential to inform the genetic basis of human phenotypic varia-
tion and disease susceptibility (2, 12). Thus, delineating the phe-
notypic effects of selected variation in dogs holds considerable
promise for providing unique insights into the genetic basis of
heritable phenotypic variation in humans.

Similarly, fine-scale mapping signatures of selection in dogs may
also facilitate the interpretation and resolution of genome-wide
scans of selection in humans. Specifically, numerous genome-wide
analyses of selection have been performed in humans that gen-
erally delimit broad genomic regions, leaving the precise target of
selection ambiguous. We anticipate that in many cases it will be
easier to localize substrates of selection in dogs, which can then be
mapped to syntenic regions in humans. A selected gene in dogs
that is located within a putatively selected locus in humans can
engender testable hypotheses to fine-scale map-selected loci in
humans. We note that as an initial foray into comparative selection
mapping, of the 1,506 genes located in putatively selected regions
in dogs, 169 overlap with genes located in well-supported selected
regions in humans (10). Although this result should be interpreted
with caution, as the specific targets of selection are generally not
known with certainty in either dogs or humans, it does raise the
intriguing possibility that recent selection has influenced common
loci in both the human and dog lineages.

A better understanding of artificial selection in dogs will also
provide important mechanistic insight into the molecular basis of
rapid short-term evolution. Of particular interest will be to define
the number of loci responsible for shaping the incredible diversity
of form and function among the worlds >400 breeds, the types of
genes and genetic variation therein that have responded to artifi-
cial selection, and whether adaptive alleles are dominant, reces-
sive, or additive. Although our results do not provide definitive
answers to these issues, they do afford some insight into the
mechanistic basis of artificial selection. Specifically, there has been
considerable debate into the relative contribution of protein ver-
sus regulatory variation in mediating evolutionary change (25, 26).
Although both coding and noncoding alleles certainly contribute
to canine phenotypic variation, the observation that several tran-
scription factors (ZFHX3, SOX9, and SATBI) were mapped to
single-gene resolution in candidate-selection regions, and the
functional HAS?2 allele for skin wrinkling in Shar-Pei is likely in a
noncoding region, suggests that regulatory variation has been a
sizeable target for artificial selection.

In summary, the continued maturation of dog genomics has
created the opportunity to systematically identify loci that mani-
fest signatures of selection, which will facilitate the genetic dis-
section of phenotypic variation. In particular, a canine genomic
map of selection provides a roadmap to functional genetic varia-
tion that underlies breed-specific differences in behavior, mor-
phology, physiology, and disease susceptibility. In addition, the
resolution of selected loci into adaptive alleles will provide critical
insights into the types of molecular variation that mediate rapid
phenotypic diversification. Ultimately, a deeper understanding of
artificial selection in dogs and other domesticated species may
inform mechanisms of evolutionary change in natural populations,
and illuminate the similarities and differences in how artificial and
natural selection alter the evolutionary trajectory of populations.

Methods

DNA Samples and SNP Genotyping. Purebred dogs from the ten breeds
described in Table 1 were sampled for large-scale SNP genotyping. Two trios
were also collected per breed to verify Mendelian transmission of SNPs. For
the HAS2 association study in the Shar-Pei, phenotypic data were available
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for 22 of the dogs used in large-scale SNP genotyping and 28 additional
Shar-Pei samples were collected for a total sample size of 50. Furthermore,
HAS2 was resequenced in a panel of 94 diverse dogs from 20 breeds (Table
S5). For all samples, DNA was prepared from blood or buccal swab samples
using previously described methods (36, 37). Buccal swab samples were
treated by whole genome amplification using GenomePlex for tissue
(Sigma). All sample collections were approved by the Animal Care and Use
Committee of the University of California, Davis (IACUC protocol 12682).
DNA was genotyped at 22,362 SNP loci with the Infinium CanineSNP20
BeadChip. Genotyping was performed according manufacturer’s instructions
and data were collected with an lllumina BeadStation scanner. Genotypes
were scored using BeadStudio.

Statistical and Bioinformatics Analyses. Although pedigree relationships could
be verified for x74% of all individuals to ensure they were unrelated by at
least three generations, to be rigorous we also used the RELPAIR software
(38) to infer putative relationships directly from genotype data in all sam-
ples. Of the initial 297 dogs genotyped, RELPAIR identified 22 pairs of pre-
sumptively related individuals. We randomly selected one individual from
each pair, yielding the final set of 275 samples.

Exact tests of Hardy-Weinberg equilibrium were performed for each SNP
and in each breed as previously described (39). SNPs that rejected the null of
hypothesis of Hardy-Weinberg equilibrium at P < 10~° (0.05/22,000), pos-
sessed more than two alleles, exhibited Mendelian inconsistencies in the trio
analysis, were located on the X-chromosome, or had > 10% missing data
within breeds were excluded from further analysis. Our final data set con-
sisted of 21,114 SNPs that passed these criteria in all 10 breeds.

We developed a simple summary statistic to measure the locus specific
divergence in allele frequencies for each breed based on unbiased estimates
of pairwise Fsr (15). In particular, for each SNP we calculated the statistic
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di = 2%, where E[FgT] and sd[FgT]denote the expected value and
jai W

standard deviation of Fs; between breeds i and j calculated from all 21,114
SNPs. For each breed, d; was averaged over SNPs in nonoverlapping 1-Mb
windows. The average number of SNPs per window was 9.5 and windows with
fewer than four SNPs were discarded. We performed standard linear regres-
sion in R with the function “Im” to adjust window specific estimates of d; for
the number of SNP markers and average heterozygosity and found that it did
not significantly affect the results (P > 0.05). Principal components analysis
was performed in R with the “svd” function as previously described (40).

Coalescent Simulations. Coalescent simulations were performed with the
software MS (41) using demographic parameters that were found to closely
recapitulate features of the observed data such as average pairwise Fst
among breeds, average minor allele frequencies, and average number of
SNPs per window. See Fig. S2 for more details.

HAS2 Resequencing and Association Mapping. Sequencing primers were
designed from published dog sequence (NM_015120) with primer3 (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) (primer sequences are
available upon request). We used standard PCR-based sequencing reactions
using Applied Biosystem'’s Big Dye sequencing protocol on an ABI 3130xI and
analyzed the sequencing data as previously described (18). All polymorphic
sites were manually verified. Association of HAS2 variation with skin wrinkling
was performed with permutation-based Cochran-Armitage trend test (33).
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