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ABSTRACT OF THE THESIS

Population Structure and Evidence of Selection in Domestic Dogs and Gray Wolves Based

on X Chromosome Single Nucleotide Polymorphisms

by

Hanna Elisibeth Shohfi

Master of Science in Biology

University of California, Los Angeles, 2013

Professor Robert K. Wayne, Chair

Genomic resources developed for the domestic dog have provided powerful tools for
studying canine evolutionary history and dog origins. Although X chromosome data are often
excluded from these analyses due to their unique inheritance, comparisons of the X chromosome
and the autosomes can illuminate differences in the histories of males and females as well as
shed light on the forces of natural selection. Here we use X chromosome single nucleotide
polymorphisms (SNPs) to analyze evolutionary relationships among populations of gray wolves
worldwide in comparison to domestic dogs, and investigate evidence of selection. The results are
concordant with population structure indicated by autosomal data. We additionally conducted a

selection scan to identify loci that are putatively under selection.
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INTRODUCTION

Recent advances in genome technologies developed for model species have allowed
increasing resolution of the forces that shape the evolution of their genomes. The dog genome
sequence has provided an important resource for understanding the evolutionary history of wolf-
like canids and the genetic changes that occurred during dog domestication. In a recent study,
vonHoldt et al. (2011) used the Affymetrix Canine SNP Genome Mapping Array (version 2) to
reveal distinct hierarchical population units within gray wolves based on 48K autosomal loci.
Due to the previous exclusion of the X chromosome SNPs, we here provide an independent
parallel analysis of these X-linked markers to test conclusions from this study and provide new

information on population structure and selection during the evolution of wolf-like canids.

An important feature of the sex chromosomes is that they are present in only a single copy in
the heterogametic sex. In mammals, males have only one copy of the X chromosome, so every
existing X chromosome has spent two-thirds of its history in females. Because sex chromosomes
do not spend equal time in each of the sexes, they will experience different effects from
evolutionary processes. The genetic diversity of chromosome X is expected, under equilibrium
assumptions, to be three-quarters of that of the autosomes in a population where the two sexes
have an identical distribution of offspring numbers. Deviations from this ratio can reveal sex-
based differences in mutation, recombination, migration, selection, and changes in population
size over time, as predicted by population genetic theory. Another consequence of the smaller
population size of the X chromosome is that genetic drift is expected to be faster than for the
autosomes. As a result, population differentiation, measured as Fgsr, should be more pronounced

on the X chromosome (Schaffner, 2004).



Recent studies of X-linked variation in human populations have demonstrated accelerated
drift during the human dispersal out of Africa resulting in reduced X chromosome to autosomal
diversity in non-African populations relative to West Africans, beyond the reduction expected
from known historical changes in population size (Gottipati et al., 2011; Keinan et al., 2009).
Conversely, Hammer et al. (2008) reported an increased ratio of X-linked to autosomal
polymorphism due to background selection, changes in population size, and sex-specific
migration in both African and non-African populations. Given the sex-biased dispersal patterns
that have been documented in populations of gray wolves (Flagstad et al., 2003; Jedrzejewski et
al., 2005; Pilot et al., 2006), it is likely that the ratio of X chromosome to autosomal diversity

will deviate from that predicted under neutrality.

Selection is another important evolutionary force that likely influences the genetic diversity
of the X chromosome. Because males are hemizygous, any recessive deleterious mutation on the
X chromosome would immediately be expressed and, therefore, efficiently removed from the
population. Conversely, if a recessive mutation were beneficial, its immediate exposure to
selection would be advantageous, and would facilitate adaptive evolution (Charlesworth et al.,
1987; Vicoso and Charlesworth, 2006). Genes involved in major biological functions, such as
reproduction or cognition, are choice targets for natural selection (Balaresque et al., 2004). The
apparent clustering of these genes on sex chromosomes (Saifi and Chandra, 1999; Tao et al.,
2003; Thiselton et al., 2002; Wang et al., 2001; Zechner et al., 2001) makes this genomic region
interesting with regard to effects of natural selection on genetic variation. Previous genome-wide
studies have identified several X chromosome loci associated with traits that may have played an

important role during the domestication of dogs and the evolution of their wolf ancestors, such as



traits involved in reproduction, size dimorphism, sexual selection, and cognitive behaviors
(Albert et al., 2012; Boyko et al., 2010; Chase et al., 2005; Li et al., 2002; Saetre et al., 2004).

However, the extent to which these genes show signals of selection is not known.

Given the smaller effective population size of the X chromosome relative to the
autosomes and the complex evolutionary history of wolf-like canids, we can predict deviations
from the expected % reduction in genetic variation on the X chromosome relative to autosomes
reflecting the demographic forces unique to each population, and well as higher levels of
differentiation between geographically isolated populations due to accelerated drift. Finally, we
can predict that signatures of selection on the X chromosome will be readily detected because
more mutations undergo selection in hemizygous males. To test these predictions, a number of
methods are used to characterize the data represented by 412 X-linked SNPs typed in a panel of
163 gray wolves representing their worldwide distribution (Eurasia and North America) in

comparison with domestic dogs.

We begin by examining the population structure based on variation in 412 X chromosome
SNPs. We then use Fsr values and pairwise allele frequency differences to examine population
differentiation and explore what the results of these analyses indicate about past demographic
patterns. We then scan the X chromosome for genetic structure consistent with the influence of
selection. Finally, we discuss several regions identified as being clear outliers from the rest of the
chromosome with respect to SNP allele frequency distribution and linkage disequilibrium

patterns, which is an indication of loci under positive selection.



MATERIALS AND METHODS

Dataset
This study utilized data derived from the CanMap project (Boyko et al., 2010; vonHoldt et

al., 2010) that provided genome-wide SNP data from 912 domestic dogs and 337 wild canids
based on genotyping with the Affymetrix Canine version 2 genome-wide SNP mapping array.
Quality control filters were applied for the genotyping algorithm (Boyko et al., 2010), from
which X chromosome SNP loci were obtained for analysis independent of the 48K autosomal
SNP loci from the same data set (vonHoldt et al., 2010; 2011). After exclusion of SNPs from the
pseudoautosomal region (PAR; first 6.5Mb of the X chromosome), and loci outside of the PAR
that were heterozygous in males (which suggested genotyping errors), a final set of 412 high

quality SNPs was obtained.

Genetic diversity

To compare the genetic diversity of the X chromosome SNPs to that of the autosomes,
single-marker descriptive statistics (observed and expected heterozygosity) were calculated for
the female gray wolves from populations with differing demographic histories (Table 1) as
determined by vonHoldt et al. (2011) using PLINK (Purcell et al., 2007) for the 412 SNP data
set. The X-to-autosome ratio of genetic diversity was then examined to evaluate if genetic
diversity deviates from the predicted effective population size of 0.75 (Gottipati et al., 2011;
Hammer et al., 2008; Keinan et al., 2009; Lambert et al., 2010). Additionally, estimates of
differentiation (Fsr) between the females in populations of gray wolves suggested by principal
component analysis (PCA) and STRUCTURE (see below) were calculated using GALAXY

(Goecks et al., 2010) with the Weir-Cockerham estimator option (Weir and Cockerham, 1984).



Genetic structure analysis

Given that the X chromosome spends two thirds of its time in females, it is possible that X-
linked genomic variation has a different underlying population structure than autosomal variation
(Hedrick, 2007; Schaffner, 2004). To investigate this possibility, we analyzed the X chromosome
data with STRUCTURE (Pritchard et al., 2000) and PCA. For the initial population genetic
structure analysis, all wild canid samples with known sex information from the CanMap SNP
data were used, including 148 gray wolves (Europe, n = 71; China, n = 10; Middle East, n = 19;
North America, n = 48), 7 Mexican wolves, 8 Great Lake Wolves, 12 red wolves, and 38
coyotes. Additionally, a subset of 50 dogs was selected from the original CanMap SNP data set
0f 912 dogs from 85 breeds to reduce the impact of the large numbers of dogs relative to wolves.
The subset of dogs was selected in a pseudorandom fashion to include a balanced ratio of males
and females from each of the 9 ancient breeds (n=18) as well an equal number of male and

female samples from 32 randomly selected modern breeds (female: n= 16; male: n=16).

The Bayesian inference program STRUCTURE is a model based clustering method that
establishes K populations based on allele frequencies at each locus and then assigns each
individual to populations that correspond to their proportional membership in each group. We
used STRUCTURE to assess the 412 SNP data set at K=2-10, 10,000 burn-in iterations, 50,000
Markov chain Monte Carlo (MCMC) iterations, with three repetitions of these parameter
settings. The alpha and likelihood statistics were verified to reach convergence before the 10,000
burn-in iterations were completed during each repetition for each number of K populations
analyzed. Selection of optimal K based on STRUCTURE output was performed with the support
of STRUCTURE HARVESTER software (Earl and vonHoldt, 2012). To choose an appropriate

K value for presentation, the parameter delta K (Evanno et al. 2005), likelihood values, and
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biological information were evaluated (as emphasized in the STRUCTURE manual: Pritchard et

al., 2000).

STRUCTURE was used to carry out additional analyses for gray wolves only (Europe,
China, Middle East, North America) and North American wild canids (gray wolves, red wolves,
and coyotes). Each analysis was performed for males and females separately as well as
combined. To assess differentiation between dogs and wolves as well as population subdivision
within wolves, the data set was purged of coyotes and wolf populations showing evidence of
interspecific admixture in STRUCTURE (vonHoldt et al. 2011) as well as wolves from highly
inbred populations from Italy and Spain (Gray et al. 2009). This was done to enable finer
resolution of genetic structure between populations of dogs and wolves by avoiding the
excessive influence of these extremes in variation on the cluster analysis. The resulting PCA data
set included gray wolves (n=125) from Europe, China, Middle East, and North America as well
as a subset of domestic dogs of ancient breeds (n= 18; 9 female, 9 male) and modern breeds (n=

39; 24 female, 15 male).

PCA was performed using the R program dapc, part of adegenet-package 1.3-9 (Jombart and
Ahmed, 2011) to visualize the dominant relationships in the 412 SNP data set. PCA was
performed separately for males, females, and pooled sexes to explore the effect of male haploidy
on the patterns of population structure inferred from the X chromosome SNPs. The most
contributing SNPs (contributions in the 99 percentile) of PC1 and PC2 were subsequently

identified as potential diagnostic SNP loci.



To examine the effects of linkage disequilibrium (LD) on the identification of potential
diagnostic SNP loci, a subset of SNPs in approximate linkage equilibrium were identified by
linkage disequilibrium (LD)-based SNP pruning in PLINK (Purcell et al., 2007). LD pruning was
applied to the 412 SNP data set of all female gray wolves from nonadmixed populations, starting
with r*> 0.5 within a 50 SNP window, and proceeded with progressively lower thresholds to
identify the most LD-pruned data set without losing diagnostic SNPs for each LD block. This
resulted in a pruned list of 244 SNPs with r*> 0.3, which were used in subsequent PCA analyses
of both males and females in all populations to compare to the same analyses from the 412 SNP

data set.

Detecting selection

To identify loci that may have undergone positive selection during the evolution of gray
wolves and early dog domestication, we focused on comparing patterns of differentiation
between the genetic subdivisions of gray wolves identified in STRUCTURE and PCA (n=125)
and a subset of dogs from ancient and modern breeds (n=58), as well as comparing patterns of
differentiation between Old World wolves (n=79) and New World wolves (n=46). To explore the
differences in selection between males and females, the same population comparisons were

conducted independently for each sex as well.

A cross-population composite likelihood ratio (XP-CLR) test (Chen et al. 2010) was
performed for the 244 LD pruned SNP data set to scan for highly differentiated regions on the X
chromosome between populations as possible targets of selective sweeps. To identify signals of

selection, the XP-CLR method combines multi-locus allele frequency differentiation between



two populations with the spatial pattern of allele frequencies along a chromosome as a function

of the genetic distance to the advantageous allele.

XP-CLR values were calculated using source code made available by Chen et al. (2010;
http://genetics.med.harvard.edu/reich/Reich_Lab/Software.html). The following parameters were
used: window size 0.5cm, grid size 1 kb, maximum number of SNPs within a window 50,
correlation level from which the SNPs contribution to XP-CLR result was weighed down 0.95.
To examine candidate regions for the populations analyzed, segments of the X chromosome

where the XP-CLR scores above 99" percentile of the values were identified.

To further assess the SNPs contributing to the differentiation between dogs and wolves as
well as between the genetic subdivisions of wolves identified in STRUCTURE and PCA, Fsr
values were calculated at each of the 412 X chromosome SNPs using GALAXY (Goecks et al.
2010) with the Weir-Cockerham estimator (Weir and Cockerham, 1984). Fsr values were
calculated for the female, male, and combined data sets, and outlier SNP loci were identified

based on ranking in the 99" percentile (Chen et al., 2010).

RESULTS

Genetic diversity

The X chromosome SNP diversity (Hg= 0.09- 0.20) was lower than that of the autosomes
(Hg=0.17- 0.26) across all comparable gray wolf populations studied (Table 1). This finding is
consistent with predictions of reduced X chromosome diversity due to its presence in a single
copy in males. Overall, the lowest observed heterozygosity was found in gray wolf populations

from Italy and Spain (0.09 and 0.11 respectively). This is consistent with their similarly low
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autosomal diversity (0.17 for both populations) reflecting historic bottlenecks in these
populations (Fabbri et al., 2007; Gray et al., 2009; Ramirez et al., 2006). The highest levels of X
chromosome SNP variability were found in gray wolf populations from Europe, exclusive of
Italy and Spain (Hg = 0.20), which is consistent with autosomal data for these large and
expanding populations . Gray wolves from China exhibited the highest levels of heterozygosity
(He = 0.24) for X chromosome variability, however autosomal data are not available for

comparison.

When the ratio of X-linked to autosomal SNP diversity was examined for populations with
comparable estimates, deviations from the ratio predicted under equilibrium assumptions (0.75)
were observed. Wolves from Italy and Spain had lower than expected ratios (0.53 and 0.65
respectively), consistent with the signature of reduced diversity resulting from historic
bottlenecks. Gray wolves from Yellowstone National Park in North America had a higher X-to-
autosome ratio (0.82), although this ratio was calculated from the of autosome diversity of a
subset of the population that was used for the X chromosome diversity estimate, making direct

comparisons difficult.

As expected, estimates of differentiation between gray wolf populations using X
chromosome SNPs (Fsr= 0.15- 0.27) were consistently higher than those of the autosomes (Fsr
0.05-0.08) in all population comparisons where corresponding data was available (Table 2). The
greatest differentiation of X chromosome SNPs was observed between North American and
Middle Eastern populations (Fsy= 0.31) and the least differentiation was between Middle
Eastern and European populations (Fsy= 0.15), which is consistent with continental patterns of

population subdivision.



Population Structure

For the initial STRUCTURE analysis, the 263 sample dataset was run for K=2 through 10
and a maximum delta K value was observed at K=4, corresponding to clusters including North
American gray wolves and Mexican wolves, Eurasian gray wolves (excluding Chinese
populations), coyotes, and the domestic dog (Figure 1A). Red wolves and Great Lakes wolves
show signals of admixture with coyotes, which is consistent with the autosomal data. Gray
wolves from China exhibit mixed signals from each of the other groupings indicating a history of
admixture. This signal is consistent with the high levels of heterozygosity observed in female

gray wolves from China previously referenced.

When analyzed separately (Figures 1B and 1C), females and males of the 263 sample data set
both exhibit a maximum delta K value at K=3. In females at K=3, coyotes and North American
gray wolves cluster together distinct from European and Middle Eastern gray wolves. However,
in males at K=3, North American gray wolves show a substantial proportion of shared ancestry
with domestic dogs not indicated by female X chromosome SNPs or autosomal SNP analyses. At
K=4, this difference between males and females disappears and reflects the same pattern of

population structure as indicated when males and females are analyzed together at K=4.

To further resolve the population structure within gray wolves, STRUCTURE was run
separately on the data set of 148 gray wolves for K=2 through 8 (Figure 2). The first partitions
(K=2) correspond to North American wolves and European/Middle Eastern wolves, with wolves
from China showing signals from both groups. At K=3, the Middle Eastern wolves show a signal
of admixture with Europe, North American wolves remain distinct, and Chinese wolves show

signals from all three groups. At K=4, a partition forms identifying Italian wolves, and at K=5,
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the Chinese wolves signal becomes more distinct, partitioning gray wolves into Chinese wolves,
Eastern European wolves, Italian wolves, Middle Eastern wolves, and North American wolves.
At K=6, the maximum delta K value, no further resolution to the partitions at K=5 is produced.
When male and female gray wolves are analyzed separately (Figure 3), the results produce the
same partitions when analyzed together at K=2; however, at K=3 the distinct profile of the

Italian wolves appears in males but not in females until K=5.

Principal component analysis of 183 individuals of gray wolves and dogs for 412 SNPs was
found to clearly discriminate domestic dogs and populations of gray wolves on the first two PC
axes (Figure 4). The first principal component (PC1; 57.8% of variation) represents a wild versus
domestic canid axis, whereas the second principal component (PC2; 26.2% of variation)
separates New World (North America) and Old World (Europe and Middle East) gray wolves
with wolves from China as the intermediate between the two. PCA of the LD pruned data set
(244 SNPs) produced the same pattern of clustering as the 412 SNP data set, with PC1 (67.5% of
variation) discriminating dogs from wolves, and PC2 (16.2% of variation) separating populations

of gray wolves (Figure 5).

Analysis of the PCA loading plot of the 412 SNP set for diagnostic SNPs contributing the
most to the differentiation between dogs and wolves on PC1 identified the highest loading SNP
located at CFAX.42400795 (Figure 6A). The same analysis for diagnostic loci contributing to
differences between North American and Old World gray wolves on PC2 identified two adjacent
SNPs located at CFAX.86813164 and CFAX.87234117 (Figure 6B). Analysis of the loading
plots for the LD pruned data set identified the same diagnostic SNP contributing to the variation

between dogs and wolves (CFAX.42400795; Figure 6C) as well as a SNP located in the same
11



region as the SNPs contributing to the variation between North American and Old World gray

wolves (CFAX.88575097; Figure 6D).

When the sexes were analyzed separately for the 244 SNP set, the female comparison (Figure
7A) matched the PCA of the combined data in the number and relative position of clusters. The
male comparison (Figure 7B) identified fewer clusters explaining the variation between the
populations. This is expected, because for every X chromosome locus, females can be assigned
to three potential genotype combinations compared to the two possible genotypes in hemizygous
males. Across all loci, males will have fewer combinations of possible genotypes than females,
resulting in fewer clusters describing the variation in males compared to females. While there
were fewer clusters in the male PCA, PC1 continued to represent a wild versus domestic canid
axis and PC2 primarily differentiated Old World from North American gray wolves. Male gray
wolves from China were found in both Old World and New World clusters, while the female

wolves from China clustered in between.

Analysis of the PCA loading plots for each sex identifies the same diagnostic SNPs as
when the sexes are pooled (Figure 8A-8D), however the ranking of the highest loading SNPs
contributing to the variation between male Old World and North American gray wolves varies.
In females and the pooled analyses, the SNP located at or near CFAX.88575097 has the highest
loading on PC2 whereas in males, the SNP located at CFAX.107746728 has the highest loading

and CFAX.88575097 has the second highest.
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Detecting Selection

The XP-CLR statistic was used to identify candidate regions for selective sweeps along
the X chromosome in the male, female, and combined data sets for the dog-wolf comparison and
Old World and New World wolf comparison. In the comparison of male and female gray wolves
and dogs, the X chromosome region with the strongest XP-CLR scores (in the 99 percentile)
occurs between CFAX.42326906- 42616906, with additional strong signals occurring at
CFAX.13846906-14141906, CFAX.66601906-66671906, and CFAX.110471906-110716906
(Figure 9). The strongest signal at CFAX.42326906- 42616906 is resolved to separate regions
when males and females are analyzed separately, the female signal matching that of the
combined data set (Figure 10A) and the male signal occurring 2Mb away at CFAX.40071906-
40311906 (Figure 10B). In the male only comparison, the strongest signal occurs at
CFAX.13846906-14141906. While, this region is identified among the top scores in the female
only comparisons, the signal is not as strong as in males. Additional high XC-PCLR score
regions that were identified only in the female comparison occur between CFAX.8436906-
8486906 and CFAX.66641906-66671906. Both males and females separately have a 99™

percentile score between CFAX.110471906-110716906.

In the comparison between Old World and New World gray wolves, the X chromosome
region with the strongest XP-CLR scores is located at CFAX.88406906-88701906, with
additional signals at CFAX.33161906-33551906, CFAX.38001906-38241906, and
CFAX.104591906-104676906 (Figure 11). When analyzed separately, the CFAX.88406906-
88701906 region scores are strong in both males and females (Figures 12A and 12B). The female
only analysis indicates the regions at CFAX.38001906-38241906, CFAX.104591906-

104676906, and CFAX.106866906-106986906 are in the top 99™ percentile of scores, but these
13



regions are not top scoring in the male analyses. Additionally there are signals in males at
CFAX.74026906-74136906 and CFAX.95816906-951991906 that are not ranked in the 99"

percentile of scores for females.

Analysis of SNPs with Fgr values in the 99™ percentile found several chromosomal regions
that overlap with the diagnostic loci identified by high PCA loadings and XP-CLR scores. Five
regions were identified consistently in at least one of the same sex comparisons across all
methods (CFAX.13846906-14141906, CFAX.42326906-42621906, CFAX.88406906-88701906,
CFAX.104591906-104676906, CFAX.110637383-110689568), and three were identified in the
combined sex comparisons across all methods (CFAX.13846906-14141906, CFAX.42326906-

42621906, CFAX.88406906-88701906).

Two X chromosome regions were identified as outliers in all sex comparisons in all statistical
methods employed. SNPs the region of CFAX.13846906-14141906 were consistently identified
in comparisons between male and female dogs and wolves, and CFAX.86813164-88876389
were consistently identified in comparisons between male and female North American gray
wolves and Old World wolves (excluding China). Additionally the SNPs located in the region of
CFAX.42326906-42621906 were consistently identified as outliers in all comparisons between

dogs and wolves, except in the male only XP-CLR analysis.

Table 3 lists regions that were found by a combination of PCA, XP-CLR and Fgr statistics
and their associated genes or traits. All regions listed were investigated using the UCSC genome
browser. Because the annotation of the X chromosome sequence for dogs is minimal, predictions

for genes in the outlier regions were found based on sequence alignment in known protein-

14



coding and non-protein-coding genes in other mammals (Kent et al., 2002). Three of the regions
detected have also been identified in two independent studies investigating the genetic basis of

morphology in dogs (Boyko et al., 2010; Chase et al., 2005).

DISCUSSION

Compared to the autosomes, measurements of the genetic diversity of X chromosome SNPs
in wolf-like canids were consistently lower across all populations and measurements of
population differentiation were consistently higher, as predicted, due to the lower effective
population size of the X chromosome. The genetic variability and differentiation at the
population level are consistent with autosomal patterns of species-level and geographic
subdivisions (vonHoldt et al., 2011). Specifically, gray wolf populations from China, Eastern
Europe and Spain, Italy, Middle East, and North America were identified as genetically distinct
units. Additionally, X chromosome SNP analysis confirms substantial coyote ancestry for Red
wolves as well their distinct but admixed evolutionary history with Great Lakes wolves as
inferred by autosomal SNPs. Furthermore, Great Lakes wolves appear to be genetically distinct
but derived from Western gray wolves. While the suggested patterns of population structure
might be overinflated because it was inferred using the original 412 X chromosome SNP data set
that was not LD pruned, the pattern is consistent with the genetic structure results of genome-

wide autosomal SNP data (48K).

Deviations from the X-to-autosome ratio predicted under neutrality were also observed
suggesting there are additional evolutionary forces affecting these populations. X-linked

diversity will generally be less than 75% of autosomal diversity in populations that have
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undergone recent bottlenecks (Fay and Wu, 1999). This is consistent with findings reported here
in populations of gray wolves from Italy and Spain, as well as populations with a smaller
effective number of mating females as demonstrated in human populations dispersing out of
Africa (Keinan et al., 2009). X-to-autosome ratios of effective population sizes that are greater
than 75% could be an indication of systematic difference between the sexes in the variance in
reproductive success, such as the historical excess of breeding females over the number of
breeding males as a result of polygyny in human populations (Hammer et al., 2008). In addition
to these parameters being likely to vary between populations, differences in population sizes,
composition, and diversity estimates between studies make it difficult to directly compare
genetic distance measurements and reach definitive conclusions about the relative importance of

various forces on the population genetics of the X chromosome.

A number of statistical methods have been developed to infer selection from SNP data in
population surveys. The XP-CLR statistic appears to currently be best suited to deal with the
complexity of adaptive processes, uncertainty about demographic history of a population, older
signals of selection (XP-EHH signals are expected to break down after several hundred

generations), as well as selection on standing variation (Chen et al., 2010).

Several candidate regions were identified through a combination of statistical methods used
to infer patterns of selection. All genes associated with the outlier regions (Table 3) are
predictions based on estimates of gene conservation with other organisms. Some of the gene
regions identified by more than one statistic are of biological interest. For example, two of the
regions identified in this study were also found to be associated with morphological variation in

a genome-wide association study (Boyko et al. 2010). The authors of the study identified a
16



significant genomic association for limb and tail length in an LD block with high Fgr (0.658)
located at CFAX.86813164- 87299370. We have also identified this this region as an outlier in
all three statistics for analyses with varying degrees of overlap. Both Fsr and PCA statistics
detect outlier SNPs within the region at CFAX.86813164. Although XP-CLR was run on the LD
pruned data set in which this SNP region was removed, the selection scan detected a strong
signal at a region immediately adjacent to CFAX.86813164, located at CFAX.88406906-
88701906. The other common region located at CFAX.104591906-104676906 is associated with
body size and skull shape. Both SNP regions associated with body size were identified in
comparisons of Old World and North American gray wolves suggesting that these regions may
contain genes contributing to the evolution of these trait variations between these two groups.
Further analysis of habitat groupings of New World gray wolves may allow greater resolution of

the candidate SNPs differentiating the New World from Old World wolves.

While these outliers provide evidence for signatures of natural selection, the gene regions
need to be investigated further to be able to rule out the effects of additional forces in shaping the
evolution of wolf-like canids. Fine-mapping of the X chromosome will also be required in order
to confirm single candidate genes for all regions of interest and explore their role in canine

evolution.
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SUPPORTING MATERIAL

Figure Legends

Figure 1. STRUCTURE clustering analysis of domestic and wild canids using the 412 X SNP
data set with (A) males and females, (B) females only, and (C) males only.

Figure 2. STRUCTURE clustering analysis of gray wolves using the 412 SNP data set with
males and females combined at K=2-6.

Figure 3. STRUCTURE clustering analysis of gray wolves using the 412 SNP data set of (A)
females and (B) males at K=3-5.

Figure 4. (A) PCA of 412 SNP data set for 183 individuals: dogs (n=48) and gray wolves
(n=125), with males and females combined.

Figure 5. (A) PCA of the LD-pruned 244 SNP data set for 183 individuals: dogs (n=48) and gray
wolves (n=125), with males and females combined.

Figure 6. The PCA loading plots identifying the SNPs in the 99™ percentile of loading scores for
the each principal component. PC1 of the 412 SNP data set (A) represents the SNPs contributing
to the dog versus wolf axis and PC2 (B) represents the SNPs contributing to the OW gray wolf
versus NW gray wolf axis. (C) and (D) represent PC1 and PC2 for the LD-pruned 244 SNP data
set respectively.

Figure 7. PCA of 244 SNPs of (A) females and (B) males.

Figure 8. The loading plots represent female (A) PC1- dog/wolf axis and (B) PC2-OW/NW wolf
axis and male (C) PC1- dog/wolf axis (D) and PC2-OW/NW wolf axis. The horizontal line
represents the SNPs in the 99%tile of loading scores.

Figure 9. Plot of XP-CLR scores of the dog versus wolf comparison with males and females
combined.

Figure 10. Plot of XP-CLR scores of the dog versus wolf comparison for females only (A) and
males only (B).

Figure 11. Plot of XP-CLR scores of the Old World Wolf versus New World Wolf comparison
with males and females combined.

Figure 12. Plot of XP-CLR scores of the Old World Wolf versus New World Wolf comparison
for females only (A) and males only (B).
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Figure 5.
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Figure 6.
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Figure 9.
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Figure 10.

o
- &
"'_'!l._gtut- .i.i WK WK *
o
-
T e e
-—
| O
o)
-
- A SOTAIN NI K DO K FOKK I —_—
. O
©
A— * % * * x K x K lm ’!m!to.i*** -
- : -
e o m —
. W X R
| o : a
: . ———— N SmE———
o T o xxk - e—— ¥ x % —— -
' L
LR I *tttmttttktﬁtktttt!i. i
T T : T T _ T T T I
Gl ol S 0 0¢ Sl ol S 0
< 803§ H1O-dX A 3103S HTO-dX

120

100

80

60

40

20

Physical Position (Mb) on X Chromosome

28



Figure 11.
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Table 1. Comparison of average observed (Ho) and expected (Hg)) heterozygosity for 412 X chromosome SNPs and 48K autosomal
SNPs (vonHoldt et al., 2011) in the populations examined in this study when available (n, sample size).

Population X Crlllrgr(nl_?Es)ome n Autosomal He (Hg) n X/'A(‘HFi?tio
Europe* 0.18 (0.20) 24 0.24 (0.26) 57 0.77
Italy 0.10 (0.09) 5 0.15(0.17) 20 0.53
Spain 0.09 (0.11) 5 0.18 (0.17) 10 0.65
Middle East 0.13 (0.15) 11 _ _ _
China 0.21 (0.24) 8 _ _ _
North America 0.14 (0.18) 27 Czyazzz.oz.zzéo(gé)él) 12 8?2

* Excludes Italian and Spanish wolves



Table 2. Fsr for the 412 X chromosome SNP data set in female Old World and North American gray wolves above the diagonal, and
48K autosomal SNP data set for Old World gray wolves below the diagonal (vonHoldt et al. 2011).

Group China Europe Middle North
(F) (F) East (F) America (F)

China (F 0.20 0.27 0.22

Europe (F) 0.05 ——  0.15 0.22

Middle East (F
North America (F

0.06 008 —— 0.31

~— N N ~—
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Table 3. Summary of outlier SNP loci identified by multiple statistics with names of genes overlapping the region and associated

traits (if known).

Dog versus Wolf comparison

XP-CLR FST PCA
X Chromosome Region M/F | Marker M |F|MF | Marker |M|F|MF| Genesofinterest Trait Associations
8436906- 8486906 - 8418704 | - |+ | - 8418704 | + | - | - Frmpd4
13846906-14141906 + 13843553 | + |+ | + | 13843553 | + |+ | + RAI1
KRBOX4 ZNF674,
40071906-40311906 ; 4400017179370;6 N I ; -|-| - | cHsT7,cOMMDSs,
SLCYA7, SLCIAG
PPP1R3F,
42326906-42621906 + | 42400795 | + | + | + | 42400795 | + | + | + | POLDIP2, USP27X,
USP51, USP22
Chase et al. (2005);
66601906-66671906 + | 66375156 | + |+ | + - N CHM locus interaction with |GF1
regulates size sexual
dimorphism
110084946,
110086906-110146906 + | ioroaoog | * 1+ ] ; - | -| - | cp4oLg, ARHGEF6
North American versus Old World Wolf comparison
XP-CLR FST PCA
X Chromosome Region M/F | Marker |M|F|MF| Marker |M|F|MF | Genesoflnterest Trait Associations
NHP2L1, CHRDLA,
CDC42, DCX, PAK3
. ’ | Boyko et al. (2010);
86813164- 86813164, TADA3, ALG13, . <00
88406906-88701906 * | sss7e3so [T [T| * | sss7soo7 [ T[T * TPM4, TRPCS, | 2ssociated with fimb
ZCCHC16, LHFPL1, 9
AMOT
Boyko et al. (2010);
104591906-104676906 + | 104106591 | + | - | - | 104106591 | + | + | + FSIP2, RBMX2 associated with body
size and skull shape
110637383,
110637383-110689568 - | J1o6s056s | * | ¥ | - | 107746728 | + |+ | +
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