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Abstract

Previous genetic studies of the highly mobile grey wolf (Canis lupus) found population
structure that coincides with habitat and phenotype differences. We hypothesized that
these ecologically distinct populations (ecotypes) should exhibit signatures of selection
in genes related to morphology, coat colour and metabolism. To test these predictions,
we quantified population structure related to habitat using a genotyping array to assess
variation in 42 036 single-nucleotide polymorphisms (SNPs) in 111 North American grey
wolves. Using these SNP data and individual-level measurements of 12 environmental
variables, we identified six ecotypes: West Forest, Boreal Forest, Arctic, High Arctic, Bri-
tish Columbia and Atlantic Forest. Next, we explored signals of selection across these
wolf ecotypes through the use of three complementary methods to detect selection: FST/
haplotype homozygosity bivariate percentilae, BAYESCAN, and environmentally correlated
directional selection with BAYENV. Across all methods, we found consistent signals of
selection on genes related to morphology, coat coloration, metabolism, as predicted, as
well as vision and hearing. In several high-ranking candidate genes, including LEPR,
TYR and SLC14A2, we found variation in allele frequencies that follow environmental
changes in temperature and precipitation, a result that is consistent with local adaptation
rather than genetic drift. Our findings show that local adaptation can occur despite gene
flow in a highly mobile species and can be detected through a moderately dense genomic
scan. These patterns of local adaptation revealed by SNP genotyping likely reflect high
fidelity to natal habitats of dispersing wolves, strong ecological divergence among habi-
tats, and moderate levels of linkage in the wolf genome.
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Introduction

By targeting genomic regions distinctly marked by
positive selection, genes that are functionally important

to individual fitness in natural populations can poten-
tially be identified (Nielsen et al. 2007). Of particular
interest are genomic regions having markers whose
allele frequency variation is related to ecological differ-
ences among populations (Dobzhansky 1948; Hancock
et al. 2008; Novembre & Rienzo 2009; Jones et al. 2012).Correspondence: Rena M. Schweizer, Fax: +310 206 3987;
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However, allele frequencies are typically correlated
between closely related populations due to shared pop-
ulation histories and gene flow, which potentially leads
to elevated false-positive rates (Coop et al. 2010). This
problem can be circumvented in part by comparing
multiple unlinked loci between populations as the
effects of demography are genomewide while selection
is generally locus-specific (Nielsen 2005). Specific outlier
loci can then be statistically identified and presumed to
be in linkage disequilibrium (LD) with genes or other
genomic features under selection (aka ‘tag’ loci). Fur-
ther, the broader characteristics of genes under selection
can be determined through gene ontology (GO) enrich-
ment methods, in which the frequency of certain cate-
gories of genes is measured relative to a background
expectation (Primmer et al. 2013). Measurement of geno-
mewide patterns of variation using large-scale single-
nucleotide polymorphism (SNP) genotyping arrays is a
crucial first step towards establishing evidence of local
adaptation and illuminating the specific, functional vari-
ants under selection in natural populations (e.g. Akey
et al. 2002; Jones et al. 2012; Staubach et al. 2012;
Pyh€aj€arvi et al. 2013). Consequently, we used a SNP
genotyping array to explore evidence of local adapta-
tion and identify candidate genes under selection in a
highly mobile carnivore, the grey wolf (Canis lupus).
In North American grey wolves, there are genetically

distinct populations which correspond to differences in
ecological factors such as prey type and habitat; conse-
quently, these populations have been considered ‘eco-
types’ (Koblm€uller et al. 2009; Mu~noz-Fuentes et al.
2009; vonHoldt et al. 2011). Suggested reasons for this
pattern included dispersal by individuals to habitats
similar to their natal environment (natal homing) and
the presence of discrete habitat and prey relationships
(Geffen et al. 2004; Musiani et al. 2007). In coastal British
Columbia, for example, wolves specialize on fish and
small deer in near-shore environments, tend to be smal-
ler and more gracile than wolves elsewhere, and live in
a wet temperate rainforest (Darimont et al. 2003). Previ-
ous studies have demonstrated that these wolves are
genetically and ecologically distinct, even from inland
British Columbia wolves (Mu~noz-Fuentes et al. 2009). In
addition, genetically distinct Arctic wolves are migra-
tory, rather than territorial like most wolves, and follow
barren-ground caribou during migratory movements of
>1000 km across cold, relatively dry, open terrain
(Mech & Boitani 2003; Musiani et al. 2007). Similarly,
genetically distinct wolves of the western forests of
North America take larger prey, such as elk and moose,
in heavily forested and mountainous terrain (Mech &
Boitani 2003). These findings suggest the potential for
divergent natural selection and resulting patterns of
local adaptation (Hancock et al. 2008; Mullen & Hoek-

stra 2008; de Jong et al. 2012; Pujolar et al. 2014). Specifi-
cally, genes influencing morphologic features related to
diet such as dentition, skull robustness and shape,
vision (e.g. for open or closed terrain), locomotion (e.g.
for migratory or territorial behaviour), metabolism and
thermal regulation would be predicted to diverge
among ecotypes. Variation in morphology has been
found among North American wolves (Jolicoeur 1959;
Musiani et al. 2007; Mu~noz-Fuentes et al. 2009; O’Keefe
et al. 2013), and diversification of cranial form corre-
sponds to differences in prey size (Slater et al. 2009).
Coat colour and pattern likewise vary with paler pelage
more common in Northern regions (Gipson et al. 2002;
Musiani et al. 2007; Anderson et al. 2009). These pheno-
typic differences suggest functional categories of candi-
date genes that may underlie local adaptation in
ecologically distinct populations of wolves.
In this study, we genotyped 111 wolves from across

Canada and Alaska for variation in 42 587 SNPs using
Affymetrix v2 Canine SNP arrays. Our intent was to
uncover population structure, and to identify genomic
signals of selection and local adaptation in North Amer-
ican grey wolves. As the first step, we defined genetic
units by quantifying population structure, isolation by
distance and differentiation between subpopulations. To
validate ecotype designations, we used a random forest
model on high-resolution data collected on 12 environ-
mental variables relating to temperature, precipitation
and vegetation. Next, we applied three approaches to
identify SNPs showing signal of selection. First, we
identified SNPs having outlier allele and haplotype fre-
quencies between ecotypes using a composite statistic of
FST and cross-population extended haplotype homozy-
gosity (XP-EHH) (Sabeti et al. 2007; vonHoldt et al.
2010). Second, we applied a model-based method (BAYES-

CAN) to identify SNPs that are significantly differentiated
among populations, further suggesting diversifying
selection (Foll & Gaggiotti 2008). Third, we applied a
Bayesian approach (BAYENV; Coop et al. 2010) to identify
significant correlations between SNPs and environmen-
tal variables. We took advantage of moderate levels of
linkage disequilibrium in grey wolves (Gray et al. 2009)
to identify candidate genes as those that are within 10
kilobases (kb) of an outlier SNP. Using GO enrichment
analysis and published functional data of specific candi-
date genes, we showed that selection may have acted
on genes with morphological, phenotypic and metabolic
functions in relation to specific environmental variables.
We also found significant genic SNPs and GO categories
related to vision and hearing. Altogether, we demon-
strated local adaptation in a highly mobile carnivore
and provided a set of >500 candidate genes for verifica-
tion in a comprehensive resequencing study using a
gene capture array (R. M. Schweizer, J. Robinson, R.
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Harrigan, P. Silva, M. Galaverni, M. Musiani, R. E.
Green, J. Novembre & R. K. Wayne, in review).

Methods

Sample selection and genotyping

The samples that we genotyped were selected from a
set of grey wolves used in previous studies (Carmichael
et al. 2007; Musiani et al. 2007) with additional tissue
samples obtained from the University of Alaska
Museum (Fairbanks, AK) and from P. Paquet (Univer-
sity of Victoria, Canada) to maximize geographic repre-
sentation in northern Canada and Alaska. All samples
were collected under permits granted to researchers at
these institutions (Carmichael et al. 2007; Musiani et al.
2007; Mu~noz-Fuentes et al. 2009). Forty-five samples
were previously genotyped on the genomewide Affy-
metrix v2 Canine SNP array (vonHoldt et al. 2010). We
genotyped an additional 87 samples on the same SNP
arrays following the manufacturer’s protocol (Support-
ing Information).
After array hybridization and scanning, genotypes

were called using the MAGIC algorithm (Boyko et al.
2010) in reference to the dog genome (CanFam2; Lind-
blad-Toh et al. 2005). The majority (>98%) of the SNPs
on the array were ascertained within the boxer and a
small number of dog breeds (Lindblad-Toh et al. 2005;
vonHoldt et al. 2010) but, nonetheless, many were poly-
morphic in wolves. As in previous studies (vonHoldt
et al. 2010, 2011; Pilot et al. 2013), after filtering (Sup-
porting Information), a total of 42 587 SNPs were
retained for analysis (henceforth referred to as 42K
SNPs). Of these SNPs, 26 108 (61%) were within 10 kb
upstream or downstream of a gene. Although this rep-
resents a biased sample of the genome overall, it is
appropriate for identifying outliers with regard to genic
regions (e.g. vonHoldt et al. 2010; Pilot et al. 2013).
Fourteen closely related individuals were identified and
removed from further analyses, following the methods
described previously (vonHoldt et al. 2011), and we
used the remaining 111 individuals for analysis.
Because of the potential for LD biasing our results, we
also generated a reduced data set of 22 084 SNPs that
were not in high LD due to physical proximity (hence-
forth referred to as 22K LD-pruned; Supporting Infor-
mation). This 22K LD-pruned data set was used for
population genetic analyses where indicated below as
this provides unlinked markers representing indepen-
dent assessments of genome history (e.g. vonHoldt et al.
2010, 2011; Pilot et al. 2013; Sazzini et al. 2014; Zhang
et al. 2014). The 42K set was used for selection tests as
it provides greater density of SNPs in genic regions that
may be under selection. It is possible that the use of a

dog SNP array in wolves may impose ascertainment
bias, especially in studies comparing dogs to wolves
and other canine species (vonHoldt et al. 2010, 2011).
However, this bias is expected to be consistent within
wolves, and the large number of varying SNPs within
our samples supports the use of this array for an
intraspecific study.

Population structure

To determine the population structure within our sam-
ples, we first used STRUCTURE (Pritchard et al. 2000;
Falush et al. 2003) to identify genetic clusters of individ-
uals. Using the 111-individual 22K LD-pruned data set,
we ran STRUCTURE v2.3.4 with 20 000 burn-in iterations
followed by 50 000 sampling iterations for K = 1
through 10, assuming correlated allele frequencies
under the admixture ancestry model. Each run was per-
formed 10 times, and the ∆K statistic of Evanno et al.
(2005) was calculated to help determine the most appro-
priate number of genetic clusters using STRUCTURE HAR-

VESTER v0.6.93 (Earl & vonHoldt 2012). We used the
greedy algorithm within CLUMPP v1.1.2 (Jakobsson &
Rosenberg 2007) to account for variation in cluster
labels across the 10 random iterations of STRUCTURE. Indi-
viduals that had >50% assignment to a single genetic
cluster were considered part of a population, and indi-
viduals with a lower percentage assignment were char-
acterized as ‘admixed’.
We performed a principal components analysis (PCA)

(Patterson et al. 2006) using SMARTPCA within EIGENSTRAT

v3.0 (Price et al. 2006) for the 111-individual 22K LD-
pruned SNP data set. To measure the degree of genetic
differentiation between clusters identified by nonad-
mixed individuals (n = 94), we used custom scripts to
calculate Weir & Cockerham’s (1984) h, an estimator of
Wright’s (1951) FST (and henceforth referred to as FST),
across all clusters and between each pair of clusters.
Finally, to further visualize patterns of population struc-
ture, majority-rule neighbour-joining trees based on
allele-sharing distances, which were calculated using
PLINK (Purcell et al. 2007), were constructed using the
package ape 3.1-2 in R (Paradis et al. 2004; http://
www.R-project.org). Trees were generated using the
22K LD-pruned SNP set, with 1000 bootstraps, and then
visualized within the ape package.

Isolation by distance and spatial autocorrelation

To assess isolation by distance (IBD), Mantel tests were
performed to compare pairwise geographic distances
with genetic distance, DIBS, calculated within PLINK for
the 42K SNPs. The Mantel analysis was performed with
the VEGAN v.2.0-10 package (Oksanen et al. 2013) in R
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using 1000 permutations to test the correlation between
genetic and log10-transformed geographic distance.
Using the same data within GENALEX v6.501 (Peakall &
Smouse 2006), we measured spatial autocorrelation
within 61 even distance classes of 100 km each. Signifi-
cance was assessed using 9999 permutations, and the
95% confidence interval around the correlation r was
determined using 9999 bootstraps.

Environmental layers and habitat classification

We acquired environmental characteristics for each
individual using georeferenced environmental layer
data sets (Hijmans et al. 2005) consisting of variation in
annual means, extremes, and seasonal variation in tem-
perature and precipitation, measured at 1 km spatial
resolution. We used a set of 12 environmental variables:
eight WorldClim variables were previously determined
to maximize the variation within North America while
minimizing correlation (Harrigan et al. 2014), and four
satellite/radar variables were added after minimizing
the Pearson correlation among a larger set, as in Harri-
gan et al. (2014). The 12 variables measure temperature
(annual mean temperature, mean diurnal tempera-
ture range, temperature seasonality, maximum tempera-
ture of warmest month, minimum temperature of
coldest month), precipitation (annual precipitation, pre-
cipitation seasonality, precipitation of coldest quarter),
vegetation (per cent tree cover, normalized difference
vegetation index, and land cover category) and altitude.
This set of environmental variables includes those such
as precipitation that have been demonstrated to signifi-
cantly affect wolf population structure (Geffen et al.
2004) and morphology (O’Keefe et al. 2013).
To test whether our population groupings, as deter-

mined through genetic tests alone, were ecologically dif-
ferent and could be justified as unique ecotypes for
downstream methods, we used a tree classification
method called random forest (Breiman 2001) with the
RANDOMFOREST package (Liaw & Wiener 2002) in R. This
test uses environmental data for each individual, in con-
junction with our suggested population assignment
based on genetic data, to measure how well each indi-
vidual can be assigned to a group based on environmen-
tal data alone. The software uses a subset of individuals
to train the model and then attempts to assign ‘test’ indi-
viduals to a group. Accuracy is measured by how often
the model correctly assigns test individuals to the group
specified for them. Assignment of individuals to popula-
tions using the 12 environmental variables had an accu-
racy of 82.98% from 50 000 trees. Accuracy was highest
for British Columbia and Atlantic Forest populations,
and most errors occurred when assigning individuals to
the West Forest or Boreal Forest populations and to the

Arctic or High Arctic populations. This difficulty in
assigning individuals from these populations was also
observed in STRUCTURE assignment tests (see Results).
Based on the close correspondence of populations with
unique environments, we subsequently classified them
as ‘ecotypes’.

Detection of ecotype-specific selective sweeps

To detect markers under selection within each ecotype,
we grouped wolves based on STRUCTURE and random for-
est results. Only nonadmixed wolves were analysed
(n = 94) so as to focus on detecting molecular evidence
for local adaptation to specific habitats. We employed
the joint FST and cross-population extended haplotype
homozygosity test (XP-EHH; Sabeti et al. 2007; vonHoldt
et al. 2010), which has been used previously to identify
selective sweep regions in multiple species (e.g. Sabeti
et al. 2007; vonHoldt et al. 2010). The XP-EHH test uses
the difference in haplotype length between two popula-
tions to identify regions that have undergone a hard
selective sweep in one population if they show an
extended haplotype in that population but not the other.
The XP-EHH test requires a reference or ancestral popu-
lation for the population being assessed. However, there
is no straightforward ancestral population for each of
the ecotypes identified here. Therefore, we compared
each ecotype to its most closely related population, as
determined by pairwise FST, and additionally to a
pseudo-population consisting of all other ecotypes com-
bined. Consequently, we identified regions that
diverged in each ecotype since splitting from the most
recent ancestor, or regions that were specific to that eco-
type in comparison with all other populations. Similar
approaches have been applied in more recent resequenc-
ing studies (Yi et al. 2010; Carneiro et al. 2014).
XP-EHH was calculated between each comparison

pair mentioned above. This analysis requires data with
known haplotype phase, so data were phased using
FASTPHASE software (Scheet & Stephens 2006) with sub-
populations labelled according to their genetic popula-
tion group (Supporting Information). Using developed
methods (vonHoldt et al. 2010), we computed the
empirical percentile for normalized FST and XP-EHH
values associated with each SNP. A bivariate percentile
score was calculated from the product of the FST and
XP-EHH percentiles to obtain a single summary of the
strength of the two signatures. If two or more SNPs
were in the 95th percentile of the bivariate percentile
score and were spaced <300 kb apart, they were joined
into a single cluster (vonHoldt et al. 2010). We ranked
clusters by the number of SNPs they contained and
then by the bivariate percentile score of the central
SNP. We selected the top 5% of empirical outlier clus-
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ters from each pairwise population and then took the
union of the two approaches (comparison to the popu-
lation with the smallest FST and comparison to all other
populations). We also examined candidate sweep
regions with a bivariate percentile score above 99.5th
percentile.

Model-based directional and balancing selection

To assess directional selection, we used the Bayesian
method implemented in BAYESCAN V2.1 (Foll & Gaggiotti
2008). BAYESCAN tests whether subpopulation-specific
allele frequencies, measured by an FST coefficient, are
significantly different from the allele frequency within
the common gene pool, and assigns a posterior proba-
bility (alpha) to a model in which selection explains a
difference in allele frequencies better than a null model.
A positive alpha indicates population-specific direc-
tional selection, while a negative alpha suggests balanc-
ing or purifying selection. Given that BAYESCAN may
suffer from elevated false-positive rates under IBD and
range expansion (Lotterhos & Whitlock 2014) and that
balancing or purifying selection is especially prone to
such issues (Lotterhos & Whitlock 2014), we focused on
directional selection. Additionally, BAYESCAN was run
using prior odds of 10, 1000 or 10 000 (Lotterhos &
Whitlock 2014). Higher prior odds may reduce the
false-positive rate at the expense of identifying true loci
under selection (Foll & Gaggiotti 2008). A false discov-
ery rate (FDR) of 0.05 was used, with the caveat that
although this reduces the number of false positives, true
signals of selection may be missed (Foll & Gaggiotti
2008).

Environmentally correlated selection

We used a Bayesian method (BAYENV) to identify allele
frequencies that correlate with environmental variables
(Coop et al. 2010). In this approach, the empirical
covariance in allele frequencies between geographically
varying populations is initially estimated from a set of
random markers (Hancock et al. 2008, 2010; Coop et al.
2010; Gunther & Coop 2013). Next, a Bayes factor (BF)
was assigned to each SNP of interest as a measure of
how well the allele frequency of that SNP covaries lin-
early with an environmental variable above the null
model based on population structure alone.
To build a covariance matrix for the joint distribu-

tion of allele frequencies across populations, 10 000
SNPs were randomly chosen out of the full 42K SNP
set after excluding SNPs that were out of Hardy–
Weinberg equilibrium (P < 0.01, exact test) using PLINK.
These filters were applied to SNPs for the background
covariance matrix as recommended by the authors

(Coop et al. 2010), but all 42K SNPs were tested in the
selection mode. Covariance matrices output by BAYENV

after every 20 000th iteration were averaged over a
total of 500 000 iterations. Following author recom-
mendations (Coop et al. 2010), we compared the aver-
age correlation matrix (generated from the average
covariance matrix with the cov2cor function in R) to
our pairwise FST matrix for unusually high or low cor-
relations, which might mean the MCMC model had
not stabilized.
The selection mode of BAYENV was run separately for

each SNP in the full 42K set with a total of 12 environ-
mental variables and 100 000 iterations for each SNP.
Each variable was normalized following author recom-
mendations (Coop et al. 2010). BAYENV was run 10 times,
as many MCMC sampling methods are sensitive to the
initial conditions (Coop et al. 2010; Blair et al. 2014), and
the final matrix of BFs was averaged over these 10 inde-
pendent runs. For each of the 12 environmental vari-
ables, the empirical percentile of the log10 BF of each
SNP was calculated. Both the top 5% and top 0.5% of
outlier SNPs were candidates for further analysis. For
outlier SNPs, we plotted the mean value of the environ-
mental variable within each population against the
allele frequency for each population. BAYENV uses allelic
correlations between populations as a proxy for geo-
graphic distance in assessing the significance of envi-
ronmental association with individual SNPs. To further
test the influence of geographic distance on SNP associ-
ations, we used distance-based redundancy analysis
(dbRDA; Legendre & Anderson 1999). Specifically, for
SNPs with BF > 3, we used dbRDA to assess whether
the effect of environmental variation on genetic distance
was significant conditional on geographic distance. This
approach has been widely used for similar questions
in many species, including wolves (e.g. Geffen et al.
2004; Carmichael et al. 2007; Musiani et al. 2007; Lasky
et al. 2012, 2015). We performed dbRDA and assessed
significance with the CAPSCALE function within the
VEGAN package in R, conditioning on the latitude and
longitude.

Candidate gene identification and gene ontology
enrichment analysis

Using curated gene annotations from UCSC and
Ensembl and accounting for different dog assembly ver-
sions (Freedman et al. 2014), we determined whether
there was any gene within 10 kb of each candidate SNP
or sweep region. SNPs at this distance would likely be
in LD with that gene (Gray et al. 2009). Gene lists from
each of the three selection tests were tested for signifi-
cant enrichment of GO categories using GPROFILER (Reim-
and et al. 2007, 2011). After correction for multiple
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testing using the Benjamini–Hochberg FDR, we exam-
ined significant categories (P ≤ 0.05) with a minimum
of two genes (Zhang et al. 2014). We also tested for an
excess of genic SNPs among outliers using a one-sided
conditional exact test (Agresti 2003) in R.

Phenotypic–genotypic association

For 33 of our wolf samples, we also had information on
coat colour phenotypes. Twenty-three of these wolves
were sampled in a previous study on coloration and eco-
type variation (Musiani et al. 2007) and were subse-
quently genotyped and included here. An additional 10
previously genotyped wolves from Yellowstone National
Park (vonHoldt et al. 2011) that were not included in the
analyses above because they represent translocated indi-
viduals, were included in the coat colour analysis yield-
ing 11 white, 11 black and 11 grey (wild type)
individuals. To test for associations between SNPs near
coat colour genes and phenotypic variation within our
samples, we performed a case/control association test
using both the Fisher’s exact test for allelic association (–
fisher) and the full model testing for differences in any
genotypes, with permutations for assigning significance
(–model –cell 0 –perm) within PLINK. We implemented
this for both white versus nonwhite coat colour and black
versus nonblack coat colour.

Results

Population structure and ecotypes

We observed notable population structure among our
samples (Fig. 1A–D). STRUCTURE runs showed the highest
peak in ∆K values at K = 3 and K = 7 (Figure S1, Sup-
porting information). At K = 3, there were distinct for-
est, arctic and Atlantic groups (Fig. 1C). Given the
expansive geographic and environmental range repre-
sented by our samples (Fig. 1A), we chose to examine
higher values of K. Increasing values of up to K = 6
appeared to separate different wolf ecotypes and con-
firm previous STRUCTURE groupings (Carmichael et al.
2007; vonHoldt et al. 2011). K = 7 was not more infor-
mative with regard to geographic or habitat groupings,
and increasing K past 7 yielded no additional clusters
to which more than three individuals were strongly
assigned (i.e. >50%). We therefore used K = 6 genetic
clusters for subsequent analysis. The six clusters were
geographically coherent (Fig. 1A), had high average
assignment within each genetic cluster (84.5% ! 6.9%),
and corresponded to specific habitats as found previ-
ously using microsatellite and SNP data: West Forest,
Boreal Forest, Arctic, High Arctic, British Columbia and
Atlantic Forest (Carmichael et al. 2007; Mu~noz-Fuentes

et al. 2009; vonHoldt et al. 2011). After removal of two
individuals whose STRUCTURE assignments showed they
were migrants, we found that all six subpopulations, or
ecotypes, were well circumscribed (Fig. 1A).
Genetic differentiation of the 22K LD-pruned SNPs

measured between all ecotypes was moderate, with glo-
bal FST = 0.09. Pairwise FST ranged from 0.0154 between
Boreal Forest and West Forest ecotypes to 0.1128
between High Arctic and British Columbia ecotypes,
with mean pairwise FST = 0.07 (Fig. 1B). The British
Columbia ecotype appeared most distinct by this mea-
sure, showing high pairwise FST estimates with other
ecotypes (Fig. 1B).
There was high congruence between the STRUCTURE sub-

population assignments and their pattern of clustering by
PCA. The same geographically coherent groups appeared
clustered according to their scores on the first two axes,
PC 1 and PC 2 (Fig. 1D; Figure S2, Supporting informa-
tion). The first and second axes accounted for 4.2% and
3.8%, respectively, of the observed genetic variation.
Within this PC space, admixed individuals were interme-
diate between the ecotypes for which their assignment
was split in STRUCTURE analysis (Fig. 1C,D). Results from
neighbour-joining analyses generally supported structure
and admixture population assignments with 100% sup-
port for all nodes in trees generated using 22K LD-pruned
SNPs (Figure S3, Supporting information).
As described in the methods, we used a random forest

approach to confirm our ecotypes and to identify the
environmental variables most significant in distinguish-
ing them (Fig. 2). The ecotypes demonstrated extensive
variation in annual precipitation, mean diurnal tempera-
ture range, elevation and maximum temperature
(Fig. 2A), and the relative importance of each of the 12
environmental variables to distinguishing ecotypes can
be visualized (Fig. 2B). The Pearson correlations for each
environmental variable with latitude and longitude are
provided (Table S1, Supporting information).

Isolation by distance and spatial autocorrelation

We found a significant correlation between geographic
distance and genetic distance, DIBS, across the 111-indi-
vidual 42K SNP data set (r = 0.560; Mantel test
P = 0.001; Fig. 3). This correlation was slightly weaker
among wolves located more than 300 km apart
(r = 0.537; Mantel test P = 0.001; Fig. 3) and among
those separated by shorter geographic distances
(r = 0.330; Mantel test P = 0.002) (Fig. 3). Spatial auto-
correlation analysis showed a significant positive spatial
autocorrelation in distance classes from 0 km to
1350 km (Figure S5, Supporting information). Between
1550 km to 4850 km, there was a significant slightly
negative autocorrelation, and beyond 4850 km the trend
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showed negative spatial autocorrelation, but without
significance (Figure S5, Supporting information). Given
that spatial autocorrelation and IBD were not substan-

tial, and are partially accounted for in the BAYENV

approach (Coop et al. 2010), we choose not to discuss
the results further.
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Selective sweeps within ecotypes (FST/XP-EHH)

The numbers of candidate genes from the joint FST/
XP-EHH selection scan outlier regions are provided in

Table S2 (Supporting information), and the coordinates
of the top 60 clusters for each ecotype comparison are
provided, along with their size, FST/XP-EHH percentile

Precipitation of coldest quarter

Mean diurnal temp. range

Land cover category
Normalized vegetation index

Percentage tree cover
Min. temp. of coldest month

Precipitation seasonality
Temp. seasonality

Annual mean temp.
Elevation
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Mean diurnal temp. Range

Max. temp. of warmest month
Annual precipitation
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Precipitation seasonality
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Fig. 2 Environmental variation among wolves sampled in this study. A) Sampling location for wolves imposed on maps of variation
for (clockwise, from top left) annual precipitation, mean diurnal temperature range, elevation, and maximum temperature. These
variables were ranked as important from Random Forest analysis. B) Output from Random Forest analysis showing which environ-
mental variables were most relevant in assigning individuals to their habitat. Environmental variables with higher mean decrease in
accuracy (left) and higher mean decrease in Gini index (right) are shown. See Liaw & Wiener 2002 for details.
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and genes, in Table S3 (Supporting information). Only
British Columbia wolves showed a significant increase
in the proportion of genic SNPs in the top 5% of outlier
regions compared to the full data set (one-sided exact
conditional test, 1 degree of freedom, P < 0.05). GO
enrichment tests performed on each of these sets of genes
in GPROFILER identified several enriched categories
(Table S2, Table S4, Table S5, Supporting information).
GO categories relating to skeletal morphology, vision,
organismal system, metabolism, immunity, response to
environment, and dentition were enriched in all eco-
types. However, the specific GO categories for each eco-
type were usually different, implying that slightly
different sets of genes were enriched (Table 1, Table S4,
Table S5, Supporting information).
Several high-ranking joint FST/XP-EHH selective

sweep regions contained notable candidate genes
(Table S3, Supporting information). Although an inten-
tion of this study was to generate candidates for rese-
quencing (R. M. Schweizer, J. Robinson, R. Harrigan, P.
Silva, M. Galaverni, M. Musiani, R. E. Green, J. Novem-
bre & R. K. Wayne, in review), we understand that many
may be false positives that will fail verification upon fur-

ther study. We discuss some of our most promising can-
didates below and provide detailed gene descriptions for
other top candidates in the Supplemental Information. A
top candidate gene for morphology within the West For-
est ecotype was NOTCH2 (Notch (Drosophila) homolog 2),
which included GO categories such as ‘positive regulator
of the bone morphogenetic protein (BMP) signaling path-
way’ and ‘limb morphogenesis’. Within the West Forest
wolves, the cluster containing NOTCH2 contained three
SNPs above the 95th percentile, including one SNP with
a joint percentile of 99.9%. A top candidate gene within
the Boreal Forest ecotype was GDF5 (growth/differentia-
tion factor 5), which encodes a protein that is a member
of the BMP family (Fig. 4A) (Nie et al. 2006). Two SNPs
within the cluster containing GDF5 together ranked at
the 99.5th percentile. A high-ranking candidate region
within High Arctic wolves contained a single gene, KIT
(v-kit Hardy–Zuckerman 4 feline sarcoma viral oncogene
homolog), which is an essential cell-surface receptor in the
melanogenesis pathway (Wehrle-Haller 2003). This
sweep region contained a single SNP with a joint per-
centile of 96.1% (Figure S6, Supporting information). A
high-ranking sweep cluster within British Columbia
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Fig. 3 Isolation by distance for 111 North American wolves and the 42K single-nucleotide polymorphism (SNP) set. Pairwise Genetic
distance (DIBS) was calculated in PLINK and plotted against the log10 of geographic distance in kilometers for all samples (top panel),
individuals closer than 300 km (bottom left panel) and individuals further than 300 km (bottom right panel).
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wolves contained WNT5A (wingless-type MMTV integra-
tion site family, member 5A), a gene which plays a critical
role in determining size during murine tooth develop-
ment (Figure S7, Supporting information; Cai et al. 2011).
Within the Atlantic Forest wolves, the highest ranking
cluster (4 SNPs, max. percentile: 97.9%) contained
PLEKHB1 (Pleckstrin Homology Domain Containing, Family
B Member 1), which is involved in retinal development in
mice (Wan et al. 2011), and MRPL48 (mitochondrial ribo-
some protein L48), which showed evidence in Antarctic
icefish of gene duplications to increase mitochondrial
function (Coppe et al. 2013).

Population-specific directional selection

The BAYESCAN algorithm identified 77 SNPs with a value
of alpha above the FDR cut-off of 0.05 using the default
prior odds of 10 (Fig. 5). Forty-four of these SNPs were

within 10 kb of an annotated gene (Table S6, Support-
ing information). Of the 27 annotated genes near SNPs
with a positive alpha (indicating diversifying selection),
GO analysis identified a single significantly enriched
category of ‘auditory receptor cell differentiation’, and
KEGG pathways related to oxytocin signalling and car-
diac muscle contraction (Table 2; Table S7, Supporting
information). When we used prior odds of 1000, a sin-
gle SNP near ANXA10 (discussed below) was signifi-
cant, and when we used prior odds of 10 000, there
were no significant SNPs.
The top candidate gene for positive selection from

BAYESCAN was ANXA10 (Annexin A10), a protein-coding
gene for which the function is not yet known (Table S6,
Supporting information). The only significantly
enriched GO category contained two interesting candi-
date genes. The first gene, PCDH15 (Protocadherin-related
15), plays a crucial role in upkeep of normal cochlear

Table 1 Summary of Gene Ontology enrichment for FST /XP-EHH selection scan. For each ecotype, examples of a specific category
related to dentition, diet, metabolism, skeletal morphology, vision, etc. is provided, with the significance of the specific category after
Benjamini-Hochberg FDR correction. The type of GO category is also provided. GO: gene ontology, HP: human phenotype, KEGG:
Kyoto Encyclopedia of Genes and Genomes

Ecotype General category Example(s) of specific category
Significance of specific
category Type

West Forest Cardiovascular system Abnormality of the cardiovascular system 2.61E-02 HP
Hearing Functional abnormality of the middle ear 4.01E-02 HP
Membranes Integral component of plasma membrane* 4.18E-02 GO
Metabolism Metabolic pathways 3.63E-02 KEGG
Organismal system Abnormality of the liver 3.67E-02 HP
Skeletal morphology Abnormality of the external nose 1.71E-02 HP
Vision Abnormality of the eye 2.18E-02 HP

Boreal Forest Immune response Immune system process* 2.85E-04 GO
Metabolism Lipid metabolic process* 1.37E-02 GO
Organismal system Tissue development* 2.31E-05 GO
Response to environment Response to external stimulus* 1.14E-04 GO
Skeletal morphology Ossification* 2.29E-04 GO

Arctic Immune response Positive regulation of lymphocyte
mediated immunity

4.46E-02 GO

Musculature Abnormality of the musculature 5.00E-02 HP
Organismal system Functional abnormality of bladder 4.71E-02 HP
Skeletal morphology Abnormal bone ossification 4.38E-03 HP

High Arctic Brain function Learning or memory 1.08E-02 GO
Metabolism Histidine metabolism 5.00E-02 KEGG

British Columbia Dentition Misalignment of teeth 4.79E-02 HP
Diet Salivary secretion 4.22E-02 KEGG
Metabolism Arachidonic acid metabolism 2.73E-03 KEGG
Musculature Muscle hypertrophy 4.73E-02 HP
Organismal system Protein transport* 9.31E-03 GO
Skeletal morphology Disproportionate short stature 4.86E-02 HP
Vision Aplasia/hypoplasia of the iris 3.93E-02 HP

Atlantic Forest Dentition Hypodontia 4.20E-02 HP
Metabolism Glutathione metabolism 5.00E-02 KEGG
Organismal system Calcium ion transmembrane transporter activity 5.00E-02 GO
Skeletal morphology Aplasia involving forearm bones 4.57E-02 HP

*Category was enriched in top 0.5% candidate genes.
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and retinal function (Le Gu"edard et al. 2007). The sec-
ond candidate gene within that GO category was CUX1
(Cut-like homeobox 1), which plays a broad role in mam-
malian development by regulating morphogenesis
(Lizarraga et al. 2002; Sansregret & Nepveu 2008).

Correlation between SNPs and environmental variables

Our samples of North American wolves were dis-
tributed across a variable environment (Fig. 2). Using
BAYENV, we found multiple significant outlier SNPs for

each of the 12 environmental variables (Fig. 6; Figure S9,
Supporting information). Across all 12 sets of outlier
loci, a single vegetation variable (normalized difference
vegetation index) showed a significant enrichment of
genic SNPs in the top 5% (Fisher’s exact test,
P = 0.0326) (Table S8, Supporting information).
Nonetheless, there were several significantly enriched
GO categories relating to hearing, morphology, pigmen-
tation, smell and organismal system for each of the 12
environmental variables we examined (Table 3,
Table S9, Table S10, Supporting information). For exam-
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ple, morphological categories such as ‘anatomical struc-
ture development’ and ‘anatomical structure morpho-
genesis’ were enriched in 11 and 10, respectively, of the
temperature, precipitation, vegetation and elevation
variables (Table 3). Organismal system categories
involved in ‘calcium ion binding’ and ‘locomotion’ were
enriched in the majority of environmental variables,
whereas ‘blood circulation’ was enriched with mean
annual temperature and all of the vegetation and eleva-
tion variables. Two categories related to hearing were
enriched as well (Table 3). Of particular interest were
GO categories related to pigmentation that were signifi-
cantly enriched with annual mean temperature and
vegetation variables. Results from dbRDA using SNPs
with a BF > 3 (n = 1658) showed that 10 of 12 environ-
mental variables had a significant effect (P ≤ 0.10) on
genetic distance, even after controlling for geographic

distance as measured by latitude and longitude
(Table S11, Supporting information).
Here, we conservatively present SNPs with high sup-

port as measured by a BF > 3 and that tag genes which
can be interpreted with regard to specific ecological
characteristics of populations. Several top-ranking SNPs
from BAYENV were located near genes implicated in
energy regulation, metabolism and water balance and
show high correlation with environmental variables.
LEPR (Leptin Receptor) is a receptor for the adipocyte-
specific hormone leptin and is involved in obesity
(Chua et al. 1996) and cold tolerance (Hancock et al.
2008). A SNP located less than 1 kb upstream of the
start codon of LEPR ranked above the 99.9th percentile
for land cover classification (BF = 106.8) (Figure S10,
Supporting information). Located less than 1 kb down-
stream of LIPG (Endothelial Lipase) was a SNP above the
99.9th percentile (BF = 71.1) for temperature seasonality.
LIPG regulates lipid levels, specifically the levels of
HDL (Edmondson et al. 2009). An intronic SNP in
SLC14A2 (Solute Carrier Family 14, Urea Transporter,
Member 2) ranked above the 99.5th percentile in eleva-
tion (BF=144.1). SLC14A2 plays a major role in water
and salt balance through the urinary concentration
mechanism (reviewed in Smith & Fenton 2007).
A number of top-ranking SNPs from BAYENV were also

located near candidate genes implicated in the BMP path-
way regulation of skeletal and eye development. Several
genes in this pathway, including BMP1, BMP4, BMP6,
BMP7, BMP10, BMPER and GDF5 (Bragdon et al. 2011),
were in the top 95th percentile for environmental vari-
ables related to temperature, precipitation and elevation
(e.g. Fig. 4B). Additional SNPs above the top 99th per-
centile tagged two FGF (Fibroblast growth factor) genes,
which are implicated in craniofacial skeletal formation in
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Fig. 5 Signatures of selection in North
American wolf ecotypes using BAYESCAN.
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the q value (the false discovery rate
(FDR) analog to the P-value) and the ver-
tical axis is the mean FST between each
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the log10 of FDR=0.05. Each point repre-
sents a single-nucleotide polymorphism
(SNP), with genic SNPs highlighted in
red. Gene names mentioned in the main
text are labeled. The inset shows a clearer
picture of candidates with a low FST.

Table 2 Summary of Gene Ontology enrichment for BAYESCAN

selection scan. Significance of specific category after Benaja-
mani-Hochberg FDR is provided, in addition to the type of cat-
egory. GO: gene ontology, KEGG: Kyoto Encyclopedia of
Genes and Genomes.

General
category

Example of
specific category

Significance of
specific
category Type

Hearing Auditory receptor
cell differentiation

5.00E-02 GO

Organismal
system

Oxytocin signalling
pathway

1.02E-02 KEGG

Cardiovascular
system

Cardiac muscle
contraction

2.11E-03 KEGG
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humans, dogs and mice (e.g. H€unemeier et al. 2013). The
first gene, FGF3, was tagged by a downstream SNP that
was an outlier for percentage tree cover (BF = 3.17), and
the second gene, FGF14, was tagged by an intronic SNP
highly ranked for mean diurnal temperature range
(BF = 5.46).
Finally, SNPs near genes within the pigmentation path-

way were outliers. TYR (Tyrosinase) encodes an enzyme
crucial to the conversion of tyrosine to melanin (Beer-
mann et al. 2004). A SNP located in the intron of TYR
ranked above the 99th percentile for precipitation season-
ality (BF = 4.07) (Figure S10, Supporting information).
OCA2 was tagged by a SNP 7 kb downstream that was
an outlier for mean diurnal temperature range (BF = 5.3,
99.7th). Finally, the receptor KIT was near a high-ranking
SNP above the 95th percentile; KIT was tagged by a SNP
(BF = 3.05, 99.2th) for precipitation seasonality.

Overlap of candidate genes

GO enrichment of all genes within the top 0.5% of outliers
from either only BAYENV and FST/XP-EHH, or BAYENV, FST/
XP-EHH and BAYESCAN (FDR ≤ 0.05) identified significant
enrichment in GO categories of ‘anatomical structure
development’, ‘locomotion’, ‘sensory perception’, ‘regula-
tion of cation channel activity’, and several human pheno-
type categories related to abnormal morphological
development, increased body weight and hair colour
(Table S12, Table S13, Supporting information). At the 5%
level of candidate gene significance, there were 276 signifi-
cantly enriched GO categories, of which at least 21 related
to morphology (e.g. ‘limb development’), four related to

movement (e.g. ‘locomotion’), nine related to sensory per-
ception and stimulus (including ‘eye development’), 34
related to channel or transporter activity (e.g. ‘ion channel
activity’) and nine related to muscle (e.g. ‘muscle tissue
development’; Table S14, Supporting information). Con-
sequently, 77 of 276 GO categories (28%) could be inter-
preted as consistent with our hypotheses for local
adaptation.
At the 0.5% level, there was overlap between each

pair of tests (except for between BAYESCAN and FST/XP-
EHH), but no overlap among all three tests (Figure S11,
Supporting information). However, at the 5% level,
there was overlap between each pair of tests, and 14
genes overlapped among all three tests (ANK2, AZIN1,
BCAS1, BTN1A1, CACNA2D3, CCDC33, FOXK1, KSR2,
LOC100685844, LOC100855656, LOC100855681,
LOC100856364, LRRC16A and MPPED2).
Out of interest, we also determined the level of overlap

between our candidate genes and those from indepen-
dent studies either focusing on wolves (Pilot et al. 2013;
Zhang et al. 2014) or focusing on environment-related
selection in humans in North America (Hancock et al.
2008) (Fig. 7). These candidate genes were identified
using the Affymetrix canine SNP array and BAYESCAN

(Pilot et al. 2013), a scan measuring FST and nucleotide
diversity in whole genome sequences (Zhang et al. 2014),
or a seed gene and network approach with tag SNPs and
BAYENV (Hancock et al. 2008). The numbers of candidate
genes pooled across our three methods at the top 5% and
0.5% level were 6225 and 1035, respectively. We reasoned
that overlap of our genes with candidates from other
studies might strengthen our case for selection acting on
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these genes. At the 5% level, the gene CACNA2D3 (cal-
cium channel, voltage-dependent, alpha 2/delta subunit 3) was
common to the three selection tests applied here and both
Pilot et al. (2013) and Zhang et al. (2014). CACNA2D3 is
involved in voltage-gated calcium channel activity, and
six different SNPs near CACNA2D3 ranked above the
95th percentile in temperature, precipitation and vegeta-
tion. The gene AZIN1 (antizyme inhibitor 1) also over-
lapped between this study and that of Zhang et al. (2014).
Antizymes catalyse a rate-limiting step in polyamine
biosynthesis and are crucial to cell development (Coffino
2001). Eight genes (CLOCK, PON1, LEPR, PPARGC1A,
EPHX2, TCF7L2, PTK2B and SCARB2) overlapped
between our top 5% of BAYENV results and those of Han-
cock et al. (2008).

Phenotypic–genotypic association

For white coat colour, we identified an intronic SNP of
MITF (P: 9.8x10"3), a modulator of melanocyte-related
genes such as KIT and KITLG (Goding 2000) and the
gene implicated in white spotting in many dog breeds
(Karlsson et al. 2007; Schmutz et al. 2009; Vaysse et al.
2011). For black coat colour, the most significant SNP
tagging a pigmentation gene was within the intron of
TYR (P: 2.8 9 10"2). These genes were tagged by SNPs
above the 95th percentile for at least one environmental
variable in BAYENV.

Discussion

Population structure and genetic differentiation across
populations

Our analysis of population structure of North American
grey wolves revealed six major clusters that were

associated with unique habitats (Figs. 1 and 2). These
results were concordant with previous large-scale stud-
ies in wolves using microsatellites or SNPs (Geffen et al.
2004; Carmichael et al. 2007; vonHoldt et al. 2011). We
found that mainland tundra wolves were highly
admixed and contained genetic components of both
Boreal Forest and Arctic subpopulations (Fig. 1A, C).
Additionally, the PCA did not provide any evidence of
a mainland tundra subpopulation, as found by Carmi-
chael et al. (2007) (Fig. 1D). This discrepancy in popula-
tion structure may reflect differences in geographic
sampling and the several orders of magnitude greater
number of markers assayed in our study. We confirmed
previous studies finding that British Columbia wolves
are genetically and ecologically distinct (Mu~noz-Fuentes
et al. 2009). Our results highlight the differentiation of
the British Columbia ecotype, which was one of the first
to appear in STRUCTURE analysis as a separate group at
increasing K values (K = 4), and also the population
separated on PC 1 (Figure S2, Supporting information).
Additionally, we found that Atlantic Forest wolves are
genetically and ecologically distinct. In PCA and struc-
ture analyses, this population was more distinct than
the British Columbia wolves, and random forest classifi-
cation had 87.5% accuracy. Using data from 12 environ-
mental variables shown to be important in
discriminating North American habitats (Harrigan et al.
2014), we distinguished six environmentally distinct
populations using a random forest classification method
(Fig. 2). Precipitation was the climate variable that most
strongly associated with the differences among eco-
types, which agrees with a previous analysis based on
microsatellite loci and mtDNA (Geffen et al. 2004).
Mean diurnal temperature range and maximum tem-
perature of warmest month were also significant, which
was a novel finding here. Random forest models had

6024
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Fig. 7 Venn diagram showing overlap between the union of our candidate genes from FST /XP-EHH, BAYESCAN, and BAYENV at the
5% significance threshold, and three other studies. The candidate genes from other studies were identified using the Affymetrix
canine single-nucleotide polymorphism (SNP) array and BayeScan (Pilot et al. 2013), a scan measuring FST and nucleotide diversity
in whole genome sequences (Zhang et al. 2014), or a seed gene and network approach with tag SNPs and Bayenv (Hancock et al.
2008). Zhang et al. (2014) and Pilot et al. (2013) used wolves as a study system, and Hancock et al. (2008) studied humans.
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lower accuracy when assigning individuals to either
West Forest or Boreal Forest, and to High Arctic or Arc-
tic, which paralleled the moderate level of admixture
identified from genetic data alone (Fig. 1). Further
exploration of environmental differences among wolf
ecotypes, especially those that are related to threshold
responses in organisms (e.g. Fitzpatrick & Keller 2014),
is of interest but beyond the scope of the current analy-
sis. In summary, through the use of population struc-
ture and environmental classification methods, we
demonstrated that environmental influences dominate
population structure in wolves, with weaker trends evi-
denced by slightly positive autocorrelation to 1350 km.
Such weak patterns of differentiation with distance
might be expected for a highly mobile species (Geffen
et al. 2004).

Candidate genes for morphology

Given the potential problem of over analysing candi-
date genes and ‘storytelling’ (Pavlidis et al. 2012), we
keep discussions brief and await further confirmation
by resequencing in a second manuscript (R. M.
Schweizer, J. Robinson, R. Harrigan, P. Silva, M. Gala-
verni, M. Musiani, R. E. Green, J. Novembre & R. K.
Wayne, in review). We focus on candidate genes that
have high support as outliers from multiple indepen-
dent selection tests (each with their own unique
assumption) or are especially convincing candidates
given wolf natural history. Both GO (Table 1; Table 3)
and candidate gene analyses (Fig. 4; Figure S10, Sup-
porting information) suggested that selection on mor-
phological pathways has occurred in North American
wolves, as we predicted. Several genes within the BMP
pathway are top candidates in FST/XP-EHH and
BAYENV. We found that GDF5, BMP7 and NOTCH2
were located in candidate selective sweep regions in
Boreal Forest wolves, British Columbia wolves and
West Forest wolves, respectively. Mutations within
GDF5 are associated with skeletal developmental disor-
ders (Bragdon et al. 2011), functioning BMP7 is neces-
sary for normal cartilage and eye development
(Bragdon et al. 2011), and mouse knockout experiments
have shown that NOTCH2 is critical for proper chon-
drocyte and bone development (Kohn et al. 2012).
Within additional pathways for skeletal mineralization
or limb development, we found top clusters for ALPL
in Arctic wolves, WNT5A in British Columbia and
WNT5B in Atlantic Forest using FST/XP-EHH (Fig-
ure S7, Supporting information). Mouse knockout
experiments have shown that WNT5A and WNT5B are
critical for chondrocyte proliferation and tooth devel-
opment (Cai et al. 2011; Lin et al. 2011). SNPs either
within the introns of these genes or in close proximity

were also significant outliers in our environmental
analyses of selection with BAYENV. For example, one of
the top candidate sweep regions within the Boreal For-
est wolves contained multiple SNPs at the 99.5th per-
centile near GDF5 (Fig. 4A) and was highly correlated
with annual mean temperature (Fig. 4B). If climate is
influencing prey type and availability, then wolves in
differing environments may have evolved in response
divergent skull morphologies. Genes that are critical
for tooth development, for example, may be under
selection in response to diets consisting of smaller prey
such as deer or fish, rather than elk or moose, which
may require special dental adaptations or cranial bite
force (Slater et al. 2009). In general, we found that
SNPs located near or within genes that are fundamen-
tal to bone, skeletal and muscle development were
highly correlated with both precipitation and tempera-
ture variables. It follows that a recent study that revis-
ited skull measurement data collected on almost 300
wolves from all over North America (O’Keefe et al.
2013) found distinct trends in morphological variation,
with higher mean body size at higher latitudes, and
identified precipitation as a key factor driving the vari-
ation in cranial morphology.

Candidate genes for colouration

In the GO analyses of BAYENV results, we observed sig-
nificant enrichment of categories related to pigmenta-
tion, melanin biosynthetic process and melanosome
membrane for environmental measures of temperature
and vegetation (Table 3, Table S9, Table S10, Supporting
information). The lack of similar GO categories in the
FST/XP-EHH analysis may indicate that within a single
ecotype, multiple candidate pigment genes may not be
under selection such that a GO analysis would be of
limited use. Alternatively, if pigmentation is a result of
polygenic selection and genes have not undergone a
classic selective sweep, then XP-EHH would be unlikely
to detect selection. Using FST/XP-EHH, we did identify
a candidate sweep region within High Arctic wolves
that contained a single SNP tagging a single pigmenta-
tion gene, KIT (Figure S6, Supporting information). KIT
is a key component in the melanogenesis pathway and,
given the low frequency of black wolves in the High
Arctic (Musiani et al. 2007), may be involved in the
higher frequency of light coat colour. For OCA2, TYR,
ASIP and other genes within the pigmentation pathway,
we observed allele frequency changes of SNPs with
BF > 3 across environmental variables (Figure S10, Sup-
porting information). Several of these genes have been
associated with colour polymorphisms within wild ver-
tebrate populations (reviewed in Hubbard et al. 2010).
Within the pathway by which melanin pigment is pro-
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duced, tyrosinase is the rate-limiting enzyme, and sev-
eral mutations within TYR, the gene encoding tyrosi-
nase, have been identified causing coat colours in mice
along the spectrum of fully pigmented to albino (re-
viewed in Beermann et al. 2004). We suspect that simi-
lar mechanisms may occur in wolves, especially as we
found significant association of a SNP in MITF and a
second SNP in TYR with white and black coat colour,
respectively. These pigmentation candidate genes war-
rant further study, perhaps through resequencing to
identify functional variants, or measuring gene expres-
sion differences in wolves of known phenotype (e.g.
Hoekstra et al. 2006; Linnen et al. 2013).

Candidate genes for metabolism, vision and hearing

We identified high-ranking SNPs tagging genes that
may affect metabolic performance. A SNP located
<1 kb upstream of LEPR was above the 95th percentile
in vegetation, temperature and precipitation variables.
LEPR has been implicated in cold tolerance and cold
adaptation, and here, the SNP tagging LEPR had a
high correlation with the minimum temperature of the
coldest month (Figure S10, Supporting information).
An extremely high-ranking SNP also occurred
upstream of LIPG, a gene that regulates lipid levels
and in which loss-of-function mutations lead to
increased levels of HDL (Edmondson et al. 2009).
Wolves in especially cold environments may have
evolved an increased ability to cope with cold stress
by regulating fat metabolism via LEPR or LIPG. For
example, pikas show a significant increase in the rate
of nonsynonymous substitutions in LEPR with lower
temperatures (Yang et al. 2008), and studies in mice
show that LIPG may aid in uptake to adipose tissue of
free fatty acids (Kratky et al. 2005).
We found multiple genes and GO categories related

to vision and hearing. One gene identified as a candi-
date in BAYESCAN and BAYENV was PCDH15, a member of
the cadherin family of proteins that is highly expressed
in the retina and cochlea (Alagramam et al. 2001). Muta-
tions in this gene have been implicated in Usher syn-
drome type 1F, a disease causing deafness (Le Gu"edard
et al. 2007). We also found other candidate genes for
eye development and hearing, and several related sig-
nificantly enriched GO categories from the union of all
three selection tests (Table S14, Supporting informa-
tion), and in the BAYENV analysis (Table 3, Table S9,
Table S10, Supporting information). Wolves inhabit a
variety of terrains from open tundra habitats with
strong seasonality in light regime to closed habitat tem-
perate rainforests having more uniform light conditions.
Such differences may exert divergent selection pres-
sures on vision and hearing.

Comparison to previous wolf and vertebrate studies

To our knowledge, this study is one of few large-scale
genetic analyses of local adaptation in a nonhuman ver-
tebrate across a substantial range of habitats. We found
that precipitation and mean diurnal temperature range
were some of the most influential environmental vari-
ables associated with SNP variation across the North
American range of grey wolves (Fig. 2). This result is
concordant with previous genetic analysis using
microsatellites and mtDNA sequence variation suggest-
ing that vegetation (Geffen et al. 2004) and habitat type
(Carmichael et al. 2007; Mu~noz-Fuentes et al. 2009) are
the main drivers of wolf ecotype differentiation.
Precipitation is also a significant correlate of morpho-
logical variation in wolves (O’Keefe et al. 2013). Conse-
quently, local adaption in wolf ecotypes appears driven
by strong environmental gradients, primarily in
temperature and precipitation.
Our study provides an advance over previous

research by identifying candidate genes in the context
of environmental differences among genetically defined
ecotypes. Notably, we confirm candidate genes that
were outliers in sequencing and SNP genotype studies
of Old World grey wolves suggesting environmental
difference may be driving local adaptation there as
well. For example, at the 95th percentile cut-off, we
observed 173 genes overlapping with a genome
sequencing study on high-altitude adaptation in Tibetan
wolves (Zhang et al. 2014) and 14 genes overlapping
with a SNP array-based study of demography and out-
lier SNPs tagging candidate genes in European wolves
(Pilot et al. 2013) (Fig. 7). The two genes common to all
three sets, CACNA2D3 and AZIN1, are candidates for
hypoxia in Zhang et al. (2014). We speculate that CAC-
NA2D3 and AZIN1 may also serve this function in New
World and Old World wolves given wolf persistence at
high- and low-altitude habitats (Fig. 2A).
Functional interpretation of candidate genes under

selection in our study was facilitated by a wide array of
pre-existing studies on pigmentation, disease and other
phenotypes in a variety of species (humans: reviewed in
Sturm & Duffy 2012; laboratory mice: reviewed in Barsh
1996; Peromyscus mice: Manceau et al. 2011; sheep: Far-
iello et al. 2014; cattle: Qanbari et al. 2014; Arctic skuas:
Janssen & Mundy 2013). For example, eight of our candi-
date genes at the 95th percentile significance overlapped
with environmentally correlated genes influencing the
‘metabolic syndrome’ in humans (Hancock et al. 2008)
(Fig. 7). Interestingly, Hancock and colleagues chose to
investigate these genes for their involvement in dyslipi-
daemia, obesity, hypertension, type II diabetes and a
‘metabolic syndrome’ phenotype (see Hancock et al.
(2008) for details). The commonality with our study sug-
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gests the possibility of a general adaptation toolkit for
environmental gradients, such as the LEPR gene for cold
tolerance, which has also been implicated in cold toler-
ance and adipose tissue in Neanderthals and Denisovans
(Sazzini et al. 2014), pikas (Yang et al. 2008) and mice
(Chua et al. 1996). Similarly, we identified common
mechanisms of pigmentation and morphology, especially
major pathways of bone development such as BMP or
WNT. Whereas in humans these genes have been impli-
cated in diseases, selection on these genes in wolves may
be a thermoregulatory response to large fluctuations in
temperature, osmoregulatory response to differential
water availability, or metabolic responses to varying diet
and represent local adaptations resulting from divergent
natural selection.
Although many phenotypic traits are complex and

controlled by multiple genes of small effect (Rockman
2012), we have detected associations between environ-
mental variables and SNPs in genic regions, which
suggests that the effect size is great enough to cause a
distortion in allele frequency variation. Our approach for
identifying genes involved in adaptation was necessarily
correlative and will require further study to confirm
whether these candidate genes influence function or are
false positives (Barrett & Hoekstra 2011). To determine
whether tag SNPs are actually associated with potential
functional mutations in candidate genes, and whether
those mutations show evidence of selection (e.g. Domin-
gues et al. 2012), new capture array approaches can be
used to simultaneously capture exons from thousands of
genes followed by high-throughput sequencing (Hodges
et al. 2007; Jones & Good 2015). Such verified candidate
genes can then be subject to further functional inference
using protein models or knockout studies to confirm
function (e.g. Lewandoski 2001; Storz 2007; Linnen et al.
2009; Manceau et al. 2011). Nonetheless, the validity of
our approach is suggested by previous studies. For
example, genes underlying traits shown to be under
selection in humans, such as pigmentation, lactase toler-
ance and hearing, were initially identified as candidates
using SNP genotyping (as we have done) and were veri-
fied with finer-scale resequencing (reviewed in Akey
2009). Genic SNPs with allele frequencies that follow
environmental clines are especially convincing candi-
dates for adaptation. We could observe associations of
allele frequency changes with the environment as a result
of two patterns: (i) local adaptation of a specific popula-
tion to distinct environment; or (ii) a general clinal trend
observed in all populations across an environmental gra-
dient. Both patterns are exemplified in Figure S10, but
unfortunately, as we only have six populations, we can-
not discriminate statistically between these possibilities.
Two of the methods we used to infer selection

(BAYENV and BAYESCAN) explicitly control for background

demographic patterns, and we conservatively selected
the very top few per cent of outliers from FST/XP-EHH,
which does not explicitly control for demography.
However, future work incorporating empirically deter-
mined demographic models into selection scans and
resequencing as discussed above may further clarify the
level of false positives (e.g. McCoy et al., 2014). Further-
more, resequencing data, which is free from any ascer-
tainment bias and which will more accurately describe
variation within populations, is therefore a more sensi-
tive approach to exploring selection. In fact, to further
test our conclusions, we have resequenced exons and
untranslated regions for over 1000 candidate genes from
over 100 wolves from a similar geographic distribution,
as well as 5 Mb of nongenic ‘neutral’ sequence. Exten-
sive analyses of these data are described in a compan-
ion study (R. M. Schweizer, J. Robinson, R. Harrigan, P.
Silva, M. Galaverni, M. Musiani, R. E. Green, J. Novem-
bre & R. K. Wayne, in review). We maintain that this
general approach, first, using a genomewide SNP array
to identity candidate genes through the use of multiple
statistical approaches including environmental data
and, second, resequencing candidate genes by genome
capture provides an efficient method for documenting
and understanding local adaptation in a wide variety of
nonmodel species.
In conclusion, using a SNP genotyping array, we pro-

vided evidence for genetic subdivision in North Ameri-
can wolves that correspond to distinct habitats, and
consider these populations as unique ecotypes between
which divergent natural selection may cause local adap-
tation despite gene flow. We demonstrated the utility of
using multiple selection tests to build an extensive set
of candidate genes that may have undergone selection
among ecotypes and identify candidate genes for mor-
phology, pigmentation, metabolism, vision and hearing
in wolves. Many of these candidate genes also show
evidence of local adaptation in Old World wolves and
other species. These genes may define a genetic toolkit
used by a wide variety of taxa to address climate and
environmental variation as well as biotic factors such as
food type availability. Our findings demonstrate that
despite high mobility in wolves, we can detect evidence
of local adaptation through a moderately dense geno-
mic scan. This result likely derives from high fidelity to
natal habitats of dispersing wolves, strong ecological
divergence among habitats, and relatively high levels of
linkage in the wolf genome.

Acknowledgements

The authors are grateful to Torsten G€unther and Graham Coop
for advice on BAYENV, to Eunjung Han and Kirk Lohmueller for
advice on FST/XP-EHH, to Chris Darimont for insight into Bri-

© 2015 John Wiley & Sons Ltd

398 R. M. SCHWEIZER ET AL.



tish Columbia wolves, to Paul Gugger for assistance with
dbRDA, and to John Pollinger for laboratory management and
mentoring. We wish to thank H. Dean Cluff and Paul Paquet
for critical sample collection. Eleazar Eskin, Kirk Lohmueller,
Ren"e Malenfant, Victoria Sork and two anonymous reviewers
provided feedback on earlier versions of this manuscript.
Funding for this work was provided by the following organi-
zations: NSF Graduate Research Fellowship to RMS (DGE-
1144087, DGE-0707424), NSF grants to JN and RKW (DEB-
1021397, OPP-0733033), NSERC – Discovery Grants (MM and
DWC), and scholarship support from University of Alberta
(JCK) and University of California, Los Angeles (RMS).

References

Agresti A (2003) Dealing with discreteness: making exact confi-
dence intervals for proportions, differences of proportions,
and odds ratios more exact. Statistical Methods in Medical
Research, 12, 3–21.

Akey JM (2009) Constructing genomic maps of positive selec-
tion in humans: where do we go from here? Genome Research,
19, 711–722.

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

Alagramam KN, Yuan H, Kuehn MH et al. (2001) Mutations in
the novel protocadherin PCDH15 cause Usher syndrome
type 1F. Human Molecular Genetics, 10, 1709–1718.

Anderson TM, Candille SI, Musiani M et al. (2009) Molecular
and evolutionary history of melanism in North American
gray wolves. Science, 323, 1339–1343.

Barrett RDH, Hoekstra HE (2011) Molecular spandrels: tests of
adaptation at the genetic level. Nature Reviews Genetics, 12,
767–780.

Barsh G (1996) The genetics of pigmentation: from fancy genes
to complex traits. Trends in Genetics, 12, 299–305.

Beermann F, Orlow SJ, Lamoreux ML (2004) The Tyr (albino)
locus of the laboratorymouse.Mammalian Genome, 15, 749–758.

Blair LM, Granka JM, Feldman MW (2014) On the stability of
the Bayenv method in assessing human SNP-environment
associations. Human Genomics, 8, 1–13.

Boyko A, Quignon P, Li L et al. (2010) A simple genetic archi-
tecture underlies morphological variation in dogs. PLoS Biol-
ogy, 19, 795–803.

Bragdon B, Moseychuk O, Saldanha S et al. (2011) Bone mor-
phogenetic proteins: a critical review. Cellular Signalling, 23,
609–620.

Breiman L (2001) Random forests. Machine learning, 45, 5–32.
Cai J, Mutoh N, Shin J-O et al. (2011) Wnt5a plays a crucial role

in determining tooth size during murine tooth development.
Cell and Tissue Research, 345, 367–377.

Carmichael LE, Krizan J, Nagy JA et al. (2007) Historical and
ecological determinants of genetic structure in arctic canids.
Molecular Ecology, 16, 3466–3483.

Carneiro M, Rubin CJ, Di Palma F et al. (2014) Rabbit genome
analysis reveals a polygenic basis for phenotypic change
during domestication. Science, 345, 1074–1079.

Chua SC, White DW, Wu-Peng XS et al. (1996) Phenotype of
fatty due to Gln269Pro mutation in the leptin receptor
(Lepr). Diabetes, 45, 1141–1143.

Coffino P (2001) Regulation of cellular polyamines by anti-
zyme. Nature Reviews Molecular Cell Biology, 2, 188–194.

Coop G, Witonsky D, Di Rienzo A, Pritchard JK (2010) Using
environmental correlations to identify loci underlying local
adaptation. Genetics, 185, 1411–1423.

Coppe A, Agostini C, Marino IAM et al. (2013) Genome evolu-
tion in the cold: antarctic icefish muscle transcriptome
reveals selective duplications increasing mitochondrial func-
tion. Genome Biology and Evolution, 5, 45–60.

Darimont CT, Reimchen TE, Paquet PC (2003) Foraging beha-
viour by gray wolves on salmon streams in coastal British
Columbia. Canadian Journal of Zoology, 81, 349–353.

Dobzhansky T (1948) Genetics of natural populations. XVI.
Altitudinal and seasonal changes produced by natural selec-
tion in certain populations of Drosophila pseudoobscura and
Drosophila persimilis. Genetics, 33, 158–176.

Domingues VS, Poh Y-P, Peterson BK et al. (2012) Evidence of
adaptation from ancestral variation in young populations of
beach mice. Evolution, 66, 1–15.

Earl DA, vonHoldt BM (2012) STRUCTURE HARVESTER: a
website and program for visualizing STRUCTURE output
and implementing the Evanno method. Conservation Genetics
Resources, 4, 359–361.

Edmondson AC, Brown RJ, Kathiresan S et al. (2009) Loss-of-
function variants in endothelial lipase are a cause of elevated
HDL cholesterol in humans. Journal of Clinical Investigation,
119, 1042–1050.

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of
clusters of individuals using the software STRUCTURE: a
simulation study. Molecular Ecology, 14, 2611–2620.

Falush D, Stephens M, Pritchard JK (2003) Inference of
population structure using multilocus genotype data:
linked loci and correlated allele frequencies. Genetics, 164,
1567–1587.

Fariello M-I, Servin B, Tosser-Klopp G et al. (2014) Selection
signatures in worldwide sheep populations. PLoS ONE, 9,
e103813.

Fitzpatrick MC, Keller SR (2014) Ecological genomics meets
community-level modelling of biodiversity: mapping the
genomic landscape of current and future environmental
adaptation. Ecology Letters, 18, 1–16.

Foll M, Gaggiotti O (2008) A genome-scan method to identify
selected loci appropriate for both dominant and codominant
markers: a Bayesian perspective. Genetics, 180, 977–993.

Freedman AH, Gronau I, Schweizer RM et al. (2014) Genome
sequencing highlights the dynamic early history of dogs.
PLoS Genetics, 10, e1004016.

Geffen E, Anderson M, Wayne RK (2004) Climate and habitat
barriers to dispersal in the highly mobile grey wolf. Molecu-
lar Ecology, 13, 2481–2490.

Gipson P, Bangs E, Bailey T et al. (2002) Color patterns among
wolves in western North America. Wildlife Society Bulletin,
30, 821–830.

Goding CR (2000) Mitf from neural crest to melanoma: signal
transduction and transcription in the melanocyte lineage. Ge-
nes & Development, 14, 1712–1728.

Gray MM, Granka JM, Bustamante CD et al. (2009) Linkage
disequilibrium and demographic history of wild and domes-
tic canids. Genetics, 181, 1493–1505.

Gunther T, Coop G (2013) Robust identification of local adapta-
tion from allele frequencies. Genetics, 195, 205–220.

© 2015 John Wiley & Sons Ltd

CANDIDATE GENES IN NORTH AMERICAN GREY WOLVES 399



Hancock A, Witonsky D, Gordon A et al. (2008) Adaptations to
climate in candidate genes for common metabolic disorders.
PLoS Genetics, 4, e32.

Hancock A, Witonsky D, Ehler E et al. (2010) Human adapta-
tions to diet, subsistence, and ecoregion are due to subtle
shifts in allele frequency. Proceedings of the National Academy
of Sciences, 107, 8924.

Harrigan RJ, Thomassen HA, Buermann W, Smith TB (2014) A
continental risk assessment of West Nile virus under climate
change. Global Change Biology, 20, 2417–2425.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A (2005)
Very high resolution interpolated climate surfaces for global
land areas. International Journal of Climatology, 25, 1965–1978.

Hodges E, Xuan Z, Balija V et al. (2007) Genome-wide in situ
exon capture for selective resequencing. Nature Genetics, 39,
1522–1527.

Hoekstra HE, Hirschmann R, Bundey R, Insel P, Crossland J
(2006) A single amino acid mutation contributes to adaptive
beach mouse color pattern. Science, 313, 101–104.

vonHoldt BM, Pollinger JP, Lohmueller KE et al. (2010) Gen-
ome-wide SNP and haplotype analyses reveal a rich history
underlying dog domestication. Nature, 464, 898–902.

vonHoldt BM, Pollinger JP, Earl DA et al. (2011) A genome-
wide perspective on the evolutionary history of enigmatic
wolf-like canids. Genome Research, 21, 1–12.

Hubbard JK, Uy JAC, Hauber ME, Hoekstra HE, Safran RJ
(2010) Vertebrate pigmentation: from underlying genes
to adaptive function. Trends in Genetics, 26, 231–239.

H€unemeier T, G"omez-Vald"es J, De Azevedo S et al. (2013)
FGFR1 signaling is associated with the magnitude of mor-
phological integration in human head shape. American Jour-
nal of Human Biology, 26, 164–175.

Jakobsson M, Rosenberg NA (2007) CLUMPP: a cluster match-
ing and permutation program for dealing with label switch-
ing and multimodality in analysis of population structure.
Bioinformatics, 23, 1801–1806.

Janssen K, Mundy NI (2013) Molecular population genetics of
the melanic plumage polymorphism in Arctic skuas (Sterco-
rarius parasiticus): evidence for divergent selection on plu-
mage colour. Molecular Ecology, 22, 4634–4643.

Jolicoeur P (1959) Multivariate geographical variation in the
wolf Canis lupus L. Evolution, 13, 283–299.

Jones FC, Chan YF, Schmutz J et al. (2012) A genome-wide
SNP genotyping array reveals patterns of global and
repeated species-pair divergence in sticklebacks. Current Biol-
ogy, 22, 83–90.

Jones MR, Good JM (2015) Targeted capture in evolutionary
and ecological genomics. Molecular Ecology, 25, 185–202.

de Jong MA, Collins S, Beldade P, Brakefield PM, Zwaan BJ
(2012) Footprints of selection in wild populations of Bicyclus
anynana along a latitudinal cline. Molecular Ecology, 22, 341–
353.

Karlsson EK, Baranowska I, Wade CM et al. (2007) Efficient
mapping of mendelian traits in dogs through genome-wide
association. Nature Genetics, 39, 1321–1328.

Koblm€uller S, Nord M, Wayne RK, Leonard JA (2009) Origin
and status of the Great Lakes wolf. Molecular Ecology, 18,
2313–2326.

Kohn A, Dong Y, Mirando AJ et al. (2012) Cartilage-specific
RBPjj-dependent and -independent Notch signals regulate
cartilage and bone development. Development, 139, 1198–1212.

Kratky D, Zimmermann R, Wagner EM et al. (2005) Endothelial
lipase provides an alternative pathway for FFA uptake in
lipoprotein lipase–deficient mouse adipose tissue. Journal of
Clinical Investigation, 115, 161–167.

Lasky JR, Marais des DL, McKay JK et al. (2012) Characterizing
genomic variation of Arabidopsis thaliana: the roles of geogra-
phy and climate. Molecular Ecology, 21, 5512–5529.

Lasky JR, Upadhyaya HD, Ramu P et al. (2015) Genome-envi-
ronment associations in sorghum landraces predict adaptive
traits. Science Advances, 1, 1–13.

Le Gu"edard S, Faug#ere V, Malcolm S, Claustres M, Roux A-F
(2007) Large genomic rearrangements within the PCDH15
gene are a significant cause of USH1F syndrome. Molecular
Vision, 13, 102–107.

Legendre P, Anderson MJ (1999) Distance-based redundancy
analysis: testing multi-species responses in multi-factorial
ecological experiments. Ecological Monographs, 69, 1–24.

Lewandoski M (2001) Conditional control of gene expression
in the mouse. Nature Publishing Group, 2, 743–755.

Liaw A, Wiener M (2002) Classification and regression by ran-
domForest. R News, 2, 18–22.

Lin M, Li L, Liu C et al. (2011) Wnt5a regulates growth, pat-
terning, and odontoblast differentiation of developing mouse
tooth. Developmental Dynamics, 240, 432–440.

Lindblad-Toh K, Wade CM, Mikkelsen TS et al. (2005) Genome
sequence, comparative analysis and haplotype structure of
the domestic dog. Nature, 438, 803–819.

Linnen C, Kingsley E, Jensen JD, Hoekstra HE (2009) On the
Origin and Spread of an Adaptive Allele in Deer Mice.
Science, 325, 1095–1098.

Linnen CR, Poh YP, Peterson BK et al. (2013) Adaptive evolu-
tion of multiple traits through multiple mutations at a single
gene. Science, 339, 1312–1316.

Lizarraga G, Lichtler A, Upholt WB, Kosher RA (2002) Studies
on the role of Cux1 in regulation of the onset of joint forma-
tion in the developing limb. Developmental Biology, 243, 44–
54.

Lotterhos KE, Whitlock MC (2014) Evaluation of demographic
history and neutral parameterization on the performance of
FST outlier tests. Molecular Ecology, 23, 2178–2192.

Manceau M, Domingues VS, Mallarino R, Hoekstra HE (2011)
The developmental role of agouti in color pattern evolution.
Science, 331, 1062–1065.

McCoy AM, Schaefer R, Petersen JL et al. (2014) Evidence of
positive selection for a glycogen synthase (GYS1) mutation in
domestic horse populations. Journal of Heredity, 105, 163–172.

Mech D, Boitani L (2003) Chapter 5: Wolf-Prey relations. In:
Wolves: Behavior, Ecology, and Conservation (eds Mech D, Boi-
tani L), pp. 131–160. The University of Chicago Press, Chi-
cago, IL.

Mullen LM, Hoekstra HE (2008) Natural selection along an
environmental gradient: a classic cline in mouse pigmenta-
tion. Evolution, 62, 1555–1570.

Mu~noz-Fuentes V, Darimont C, Wayne R, Paquet P, Leonard J
(2009) Ecological factors drive differentiation in wolves
from British Columbia. Journal of Biogeography, 36, 1516–
1531.

Musiani M, Leonard JA, Cluff HD et al. (2007) Differentiation
of tundra/taiga and boreal coniferous forest wolves: genet-
ics, coat colour and association with migratory caribou.
Molecular Ecology, 16, 4149–4170.

© 2015 John Wiley & Sons Ltd

400 R. M. SCHWEIZER ET AL.



Nie X, Luukko K, Kettunen P (2006) BMP signalling in cranio-
facial development. The International Journal of Developmental
Biology, 50, 511–521.

Nielsen R (2005) Molecular signatures of natural selection. An-
nual Reviews Genetics, 39, 197–218.

Nielsen R, Hellmann I, Hubisz M, Bustamante C, Clark AG
(2007) Recent and ongoing selection in the human genome.
Nature Reviews Genetics, 8, 857–868.

Novembre J, Rienzo AD (2009) Spatial patterns of variation
due to natural selection in humans. Nature Reviews Genetics,
10, 745–755.

O’Keefe FR, Meachen J, Fet EV, Brannick A (2013) Ecological
determinants of clinal morphological variation in the cra-
nium of the North American gray wolf. Journal of Mammal-
ogy, 94, 1223–1236.

Oksanen J, Blanchet FG, Kindt R et al. (2013) Package ‘vegan’,
R Repository.

Paradis E, Claude J, Strimmer K (2004) APE: Analyses of Phy-
logenetics and Evolution in R language. Bioinformatics (Ox-
ford, England), 20, 289–290.

Patterson N, Price AL, Reich D (2006) Population Structure
and Eigenanalysis. PLoS Genetics, 2, e190.

Pavlidis P, Jensen JD, Stephan W, Stamatakis A (2012) A criti-
cal assessment of storytelling: gene ontology categories and
the importance of validating genomic scans. Molecular Biol-
ogy and Evolution, 29, 3237–3248.

Peakall R, Smouse PE (2006) Genalex 6: genetic analysis in
Excel. Population genetic software for teaching and research.
Molecular Ecology Notes, 6, 288–295.

Pilot M, Greco C, vonHoldt BM et al. (2013) Genome-wide sig-
natures of population bottlenecks and diversifying selection
in European wolves. Heredity, 112, 428–442.

Price A, Patterson N, Plenge R et al. (2006) Principal compo-
nents analysis corrects for stratification in genome-wide asso-
ciation studies. Nature Genetics, 38, 904–909.

Primmer CR, Papakostas S, Leder EH, Davis MJ, Ragan MA
(2013) Annotated genes and nonannotated genomes: cross-
species use of Gene Ontology in ecology and evolution
research. Molecular Ecology, 22, 3216–3241.

Pritchard JK, Stephens M, Donnelly P (2000) Inference of popu-
lation structure using multilocus genotype data. Genetics,
155, 945–959.

Pujolar JM, Jacobsen MW, Als TD et al. (2014) Genome-wide
single-generation signatures of local selection in the panmic-
tic European eel. Molecular Ecology, 23, 2514–2528.

Purcell S, Neale B, Todd-Brown K et al. (2007) PLINK: a tool set
for whole-genome association and population-based linkage
analyses. American Journal of Human Genetics, 81, 559–575.

Pyh€aj€arvi T, Hufford MB, Mezmouk S, Ross-Ibarra J (2013)
Complex patterns of local adaptation in teosinte. Genome
Biology and Evolution, 5, 1594–1609.

Qanbari S, Pausch H, Jansen S et al. (2014) Classic selective
sweeps revealed by massive sequencing in cattle (JK Pritch-
ard, Ed,). PLoS Genetics, 10, e1004148.

Reimand J, Kull M, Peterson H, Hansen J, Vilo J (2007) g:Profiler–a
web-based toolset for functional profiling of gene lists from
large-scale experiments.Nucleic Acids Research, 35, W193–W200.

Reimand J, Arak T, Vilo J (2011) g:Profiler–a web server for
functional interpretation of gene lists (2011 update). Nucleic
Acids Research, 39, W307–W315.

Rockman MV (2012) The QTN program and the alleles that
matter for evolution: all that’s gold does not glitter. Evolu-
tion, 66, 1–17.

Sabeti PC, Varilly P, Fry B et al. (2007) Genome-wide detection
and characterization of positive selection in human popula-
tions. Nature, 449, 913–918.

Sansregret L, Nepveu A (2008) The multiple roles of CUX1:
insights from mouse models and cell-based assays. Gene,
412, 84–94.

Sazzini M, Schiavo G, De Fanti S et al. (2014) Searching for sig-
natures of cold adaptations in modern and archaic humans:
hints from the brown adipose tissue genes. Heredity, 113,
259–267.

Scheet P, Stephens M (2006) A fast and flexible statistical
model for large-scale population genotype data: applica-
tions to inferring missing genotypes and haplotypic
phase. The American Journal of Human Genetics, 78, 629–
644.

Schmutz SM, Berryere TG, Dreger DL (2009) MITF and white
spotting in dogs: a population study. Journal of Heredity, 100,
S66–S74.

Slater GJ, Dumont ER, Van Valkenburgh B (2009) Implications
of predatory specialization for cranial form and function in
canids. Journal of Zoology, 278, 181–188.

Smith CP, Fenton RA (2007) Genomic organization of the
mammalian SLC14a2 urea transporter genes. Journal of Mem-
brane Biology, 212, 109–117.

Staubach F, Lorenc A, Messer PW et al. (2012) Genome patterns
of selection and introgression of haplotypes in natural popu-
lations of the house mouse (Mus musculus). PLoS Genetics, 8,
e1002891.

Storz JF (2007) Hemoglobin function and physiological adapta-
tion to hypoxia in high-altitude mammals. Journal of Mam-
malogy, 88, 24–31.

Sturm RA, Duffy DL (2012) Human pigmentation genes under
environmental selection. Genome Biology, 13, 248.

Vaysse A, Ratnakumar A, Derrien T, Axelsson E (2011) Identi-
fication of genomic regions associated with phenotypic varia-
tion between dog breeds using selection mapping. PLoS
Genetics, 7, e1002316.

Wan J, Masuda T, Hackler L et al. (2011) Dynamic usage of
alternative splicing exons during mouse retina development.
Nucleic Acids Research, 39, 7920–7930.

Wehrle-Haller B (2003) The role of Kit-ligand in melanocyte
development and epidermal homeostasis. Pigment Cell
Research, 16, 287–296.

Weir B, Cockerham C (1984) Estimating F-statistics for the
analysis of population structure. Evolution, 38, 1358–1370.

Wright S (1951) Genetical structure of populations. Annual
Eugenics, 166, 247–249.

Yang J, Wang ZL, Zhao XQ et al. (2008) Natural selection
and adaptive evolution of leptin in the ochotona family
driven by the cold environmental stress. PLoS ONE, 3,
e1472.

Yi X, Liang Y, Huerta-Sanchez E et al. (2010) Sequencing of 50
human exomes reveals adaptation to high altitude. Science,
329, 75–78.

Zhang W, Fan Z, Han E et al. (2014) Hypoxia adaptations in
the grey wolf (Canis lupus chanco) from Qinghai-Tibet Plateau
(JM Akey, Ed,). PLoS Genetics, 10, e1004466.

© 2015 John Wiley & Sons Ltd

CANDIDATE GENES IN NORTH AMERICAN GREY WOLVES 401



R.M.S., B.V.H., R.H., J.C.K., M.M., D.C., J.N. and R.K.W.
designed the research. R.M.S., B.V.H., R.H. and J.C.K.
performed the research. M.M., D.C. and R.K.W. con-
tributed the samples. R.M.S., B.V.H., R.H., J.N. and
R.K.W. analysed the data. R.M.S., J.C.K. and R.K.W.
wrote the manuscript.

Data accessibility

Sample locations, environmental data and SNP geno-
types from the Affymetrix SNP array (42K set) are avail-
able on the Dryad Digital Repository at datadryad.org
(doi:10.5061/dryad.c9b25). Additional files include pair-
wise geographic and genetic distance matrices used for
IBD analysis, the complete BAYENV and BAYESCAN results
files, and the phenotype data used to perform the geno-
type–phenotype association analysis.

Supporting information

Additional supporting information may be found in the online ver-
sion of this article.

Table S1 Pearson’s correlation coefficients for 12 environmen-
tal variables with latitude and longitude.

Table S2 Gene count data for FST/XP-EHH selection scan.

Table S3 Top 60 ranked “clusters” of SNPs ranked for FST and
XP-EHH in each of twelve ecotype comparisons (six compar-
isons of ecotype to the ecotype with the smallest FST and six
comparisons of ecotype to all other populations).

Table S4 gProfiler gene ontology enrichment of top 5% of can-
didate genes from each ecotype in FST/XP-EHH.

Table S5 gProfiler gene ontology enrichment of top 0.5% of
candidate genes from each ecotype in FST/XP-EHH.

Table S6 Significant SNPs and gene descriptions from BayeScan.

Table S7 gProfiler gene ontology enrichment of significant SNPs
from BayeScan.

Table S8 Gene count data for Bayenv.

Table S9 gProfiler gene ontology enrichment of top 5% of candi-
date genes for each environmental variable in Bayenv.

Table S10 gProfiler gene ontology enrichment of top 0.5%
of candidate genes for each environmental variable in
Bayenv.

Table S11 Test for significant relationships between genetic
distance of top SNPs from Bayenv and 12 environmental vari-
ables, using the distance based redundancy analysis (dbRDA)
multivariate F-statistic.

Table S12 gProfiler gene ontology enrichment of union of
top 0.5% of candidate genes from Bayenv and FST/XP-EHH.
Only categories significant above a Benjamini-Hochberg false-
discovery rate of 0.05 with a minimum of two genes are
included.

Table S13 gProfiler gene ontology enrichment of union of
top 0.5% of candidate genes from Bayenv and FST/XP-EHH
and FDR 0.05 candidate genes from BayeScan. Only cate-
gories significant above a Benjamini-Hochberg false-discovery
rate of 0.05 with a minimum of two genes are included.

Table S14 gProfiler gene ontology enrichment of union of
top 5% of candidate genes from Bayenv and FST/XP-EHH
and FDR 0.05 candidate genes from BayeScan. Only cate-
gories significant above a Benjamini-Hochberg false-discovery
rate of 0.05 with a minimum of two genes are included.

Fig. S1 Plot showing: A) delta K and B) likelihood values for
K = 1 to K = 10 from STRUCTURE runs of 111 individuals and
22K LD-pruned SNPs. The standard deviation of mean likeli-
hood values is shown at each value of K).

Fig. S2 First six principal components for 22K LD-pruned SNP
set in 94 non-admixed individuals.

Fig. S3 Unrooted neighbor-joining tree based on 111 individu-
als genotyped at 22K LD-pruned SNPs.

Fig. S4 Sample tree output from Random Forest classification
scheme on environmental data.

Fig. S5 Plot of spatial autocorrelation measured within 130
even distance classes of 100 km each.

Fig. S6 The bivariate percentile of FST and XP-EHH for SNPs
along Chr 13 in High Arctic wolves, with the expanded right
panel showing genes overlapping the cluster

Fig. S7 The bivariate percentile of FST and XP-EHH for SNPs
along Chr20 in British Columbia wolves,with the expanded
right panel showing genes overlapping the cluster.

Fig. S8 Average covariance (left) and correlation (right) matri-
ces after 500 000 iterations of the background matrix estimation
in Bayenv using 10K random SNPs.

Fig. S9 Manhattan plot of log10 Bayes Factors for Annual Pre-
cipitation (BIO12).

Fig. S10 Examples of clinal variation of SNPs in pigmentation,
morphology, and metabolism candidate genes.

Fig. S11 Venn diagram showing overlap between candidate genes
from FST/XP-EHH, BayeScan, and Bayenv at the top 5% (top
numbers) and top 0.5% (bottom numbers) significance level.

© 2015 John Wiley & Sons Ltd

402 R. M. SCHWEIZER ET AL.

http://dx.doi.org/10.5061/dryad.c9b25

