
DETECTING SELECTION IN NATURAL POPULATIONS: MAKING SENSE OF
GENOME SCANS AND TOWARDS ALTERNATIVE SOLUTIONS

Targeted capture and resequencing of 1040 genes reveal
environmentally driven functional variation in grey
wolves

RENA M. SCHWEIZER,* JACQUELINE ROBINSON,* RYAN HARRIGAN,† PEDRO SILVA,‡ §
MARCO GALVERNI,¶ MARCO MUSIANI ,* * RICHARD E. GREEN,† † JOHN NOVEMBRE‡ ‡
and ROBERT K. WAYNE*

*Department of Ecology and Evolutionary Biology, University of California, Los Angeles, 610 Charles E Young Dr East,

Los Angeles, CA 90095, USA, †Center for Tropical Research, Institute of the Environment and Sustainability, University of

California, 619 Charles E. Young Drive East, Los Angeles, CA 90095, USA, ‡CIBIO/InBio – Centro de Investigac�~ao em

Biodiversidade e Recursos Gen�eticos, Universidade do Porto, Campus Agr�ario de Vair~ao, 4485-661 Vair~ao, Portugal,

§Departamento de Biologia, Faculdade de Cîencias, Universidade do Porto, Rua do Campo Alegre s/n., 4169-007 Porto, Portugal,

¶Laboratory of Genetics, ISPRA (Istituto Superiore per la Protezione e Ricerca Ambientale), Via C�a Fornacetta 9, 40064 Ozzano

dell’Emilia, BO, Italy, **Faculties of Environmental Design and Veterinary Medicine (Joint Appointment), EVDS, University of

Calgary, 2500 University Dr NW, Calgary, Alberta, Canada T2N 1N4 ††Department of Biomolecular Engineering, University

of California, Santa Cruz, CA 95060, USA, ‡‡Department of Human Genetics, University of Chicago, 920 E. 58th Street,

Chicago, IL 60637, USA

Abstract

In an era of ever-increasing amounts of whole-genome sequence data for individuals

and populations, the utility of traditional single nucleotide polymorphisms (SNPs)

array-based genome scans is uncertain. We previously performed a SNP array-based

genome scan to identify candidate genes under selection in six distinct grey wolf

(Canis lupus) ecotypes. Using this information, we designed a targeted capture array

for 1040 genes, including all exons and flanking regions, as well as 5000 1-kb nongenic

neutral regions, and resequenced these regions in 107 wolves. Selection tests revealed

striking patterns of variation within candidate genes relative to noncandidate regions

and identified potentially functional variants related to local adaptation. We found

27% and 47% of candidate genes from the previous SNP array study had functional

changes that were outliers in SWEED and BAYENV analyses, respectively. This result veri-

fies the use of genomewide SNP surveys to tag genes that contain functional variants

between populations. We highlight nonsynonymous variants in APOB, LIPG and

USH2A that occur in functional domains of these proteins, and that demonstrate high

correlation with precipitation seasonality and vegetation. We find Arctic and High Arc-

tic wolf ecotypes have higher numbers of genes under selection, which highlight their

conservation value and heightened threat due to climate change. This study demon-

strates that combining genomewide genotyping arrays with large-scale resequencing

and environmental data provides a powerful approach to discern candidate functional

variants in natural populations.
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Introduction

A principal goal in evolutionary biology is to relate

variation in phenotypes to that of underlying genotypes

and thus reveal molecular mechanisms for adaptation.

The study of organisms in their natural environments is

essential in this regard because adaptive phenotypes

arise as a result of natural selection. The recent develop-

ment of genomewide single nucleotide polymorphism

(SNP) genotyping technologies has provided new high-

resolution tools for exploring adaptation at the molecu-

lar level within nonmodel organisms (e.g. Li et al. 2014;

Perry 2014). Such ‘genome scans’ are important for

identifying regions of the genome tagged by outlier

SNPs that may be located within or in linkage disequi-

librium (LD) with genes under divergent selection

(Haasl & Payseur 2015). However, these molecular

studies of adaptation in natural populations may suffer

from bias if the SNP genotyping array was not

designed for the study species or was based on a nar-

row ascertainment panel of individuals. Furthermore,

the outcome of genomic scans are often merely lists of

candidate genes putatively under selection that need to

be validated by resequencing to identify potential func-

tional variants that support their role in adaptation

(Scheinfeldt & Tishkoff 2013). Advances in the precision

and scale of DNA tools, such as the DNA capture array

(Hodges et al. 2007; Gnirke et al. 2009; Tewhey et al.

2009; Jones & Good 2015), allow for the enrichment in a

DNA sample of specific gene regions for thousands of

candidate genes. This targeted enrichment, when fol-

lowed by high-coverage next-generation sequencing

and careful quality control, can be used to confirm sig-

nals of selection (Burbano et al. 2010; Albert et al. 2011;

Domingues et al. 2012) and pinpoint potential functional

mutations (e.g. Ng et al. 2009; Bi et al. 2013), even in

nonmodel organisms (reviewed in Jones & Good 2015).

We aim to show that a genome scan followed by exten-

sive resequencing is an effective approach for further

verifying putative candidate genes and leads to func-

tional hypothesis about adaptation (Jones & Good

2015). Although direct experimental manipulations to

determine function would be ideal, these tests are diffi-

cult or impossible in large vertebrates; rather, rese-

quencing in a variety of species including polar bears,

kiwis, whitefish and humans, has led to the identifica-

tion of robust candidates for adaptation (Hebert et al.

2013; Fagny et al. 2014; Liu et al. 2014; Le Duc et al.

2015).

The grey wolf (Canis lupus) was historically one of

the most widespread mammals in North America

(Leonard et al. 2005), and for a terrestrial mammal, is

unique in its ability to disperse long distances

>1000 km (Wabakken et al. 2007). Despite their high

mobility, wolves show striking morphologic and genetic

differentiation at a local scale (Carmichael et al. 2007;

Musiani et al. 2007; vonHoldt et al. 2011; O’Keefe et al.

2013; Pilot et al. 2014; Schweizer et al. 2015). North

American wolves are subjected to strong environmental

gradients involving dramatic changes in temperature,

precipitation and vegetation from the southern reaches

of their geographic range in Mexico to the high Arctic

(Geffen et al. 2004; Carmichael et al. 2007; Musiani et al.

2007; Mu~noz-Fuentes et al. 2009; Schweizer et al. 2015).

We previously formulated general hypotheses about

expected patterns of divergence in genes related to

immunity, metabolism, morphology, pigmentation and

sensory functions (see Supporting information; Sch-

weizer et al. 2015 and references therein) and analysed

42 036 SNPs genotyped on the Affymetrix canid v2

SNP array and environmental data to determine

whether we could detect candidate genes for local

adaptation (Schweizer et al. 2015). We identified six

environmentally and genetically distinct wolf ecotypes

(or distinct populations): West Forest, Boreal Forest,

Arctic, High Arctic, British Columbia and Atlantic For-

est. Based on preliminary analysis and results from

three complementary selection tests and a review of the

current literature, we identified 1040 candidate genes

potentially under selection for resequencing using a

capture array. This resequencing effort is a necessary

second step to identify specific functional variants,

affirm they show signals of selection, and assess how

well genomewide SNP surveys, such as those used in

our previous genome scan, tag genes with nonsynony-

mous or flanking region variants with divergent allele

frequencies among populations.

In this study, we tested the utility of our previous

SNP-based genome scan to tag genes under selection by

resequencing 980 candidate genes in wolves across an

environmental gradient. We assess the fraction of

tagged genes which have nonsynonymous mutations or

possible regulatory changes in flanking regions and dis-

cuss potential functional implications. We supple-

mented this effort by sequencing 60 additional

candidate genes that were not previously tagged by

SNPs in the genome scan, but for which existing litera-

ture suggests may be involved in local adaptation. We

used a custom capture array to resequence these 1040

candidate genes, including their exons and putative reg-

ulatory regions, in 107 wolves. With each of three selec-

tion tests, we used 5 Mb of nongenic sequence to

empirically control for genetic patterns due solely to

background demography. We verified that up to 47% of

candidate genes from the SNP array selection scan are

outliers in the same or similar statistical tests using our

sequence data and contain mutations at divergent fre-

quencies across populations. Using available protein
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databases, we highlight nonsynonymous mutations in

three genes (APOB, LIPG, USH2A) that appear to be

under positive selection and occur in functional protein

domains. We argue for more conservation focus on Arc-

tic and High Arctic wolves because they demonstrate a

high diversity of unique molecular adaptations, yet

comprise some of the most threatened populations due

to climate change.

Methods

Resequencing of candidate regions with capture array

Our capture array was designed to bind sequences from

1040 candidate genes. Of this total, 520 of the genes

were outliers identified in the previous SNP-based

selection scan (Schweizer et al. 2015), and a total of 60

genes were a priori candidate genes based on a litera-

ture search (Table S1, Supporting information). For the

latter pool, we chose genes implicated in function or

disease that could conceivably be under selection in

natural populations, such as genes related to olfaction,

immunity, thermoregulation and morphology (Table S1,

Supporting information). An additional 460 candidate

genes derived from an early analysis of the SNP data

were included in the design and manufacture of the

capture array in 2011 but were not verified by addi-

tional, newer selection tests included in Schweizer et al.

(2015). This preliminary set was identified using only

the XP-EHH selection test (Sabeti et al. 2007; vonHoldt

et al. 2010) and based on the inclusion of additional

populations of wolves that were later dropped from the

analysis because they did not comprise distinct eco-

types or represented translocated populations. The

exons, plus 1000 bp upstream of each gene promoter,

were targeted with unique 120-bp RNA baits every

60 bp. We also extracted putatively neutral regions

from the dog reference genome (CanFam3.1) to provide

background levels of neutral variation for our selection

tests. Details of the design of these regions have been

described elsewhere (Freedman et al. 2014) and follow

guidelines set by previous studies in humans (e.g. Wall

et al. 2008; Gronau et al. 2011). Briefly, we identified

1-kb regions that were at least 100 kb from any known

or predicted genes, were not within highly repetitive

regions of the dog genome, were within uniquely map-

ping regions of the genome as computed by TALLY-

MER (Kurtz et al. 2008), had phastCons scores <0.5
(Siepel et al. 2005) and had GC content within two stan-

dard deviations of mean dog genome GC content. The

choice of 100 kb between each region was based on

observed levels of LD in wolves from the study by

Gray et al. (2009). A total of 5073 autosomal 1-kb

regions were identified. Baits were designed by

MYcroarray (Ann Arbor, Michigan) with a total tar-

geted sequence length of ~8 Mb.

Sample selection and library preps

North American wolves were previously sampled in a

genomewide selection scan based on SNP array geno-

typing (N = 111, Schweizer et al. 2015). For this study,

we re-extracted DNA from 78 of the same individuals

for which blood or skin tissue sample remained, and

selected an additional 39 individuals from similar geo-

graphic areas (Fig. 1; Carmichael et al. 2007; Musiani

et al. 2007). All 117 of these individuals have known

geographic locations (Schweizer et al. 2015), and 47

have coat colour phenotype information (Musiani et al.

2007; Denali National Park Wolf Program).

Genomic DNA was extracted using a Qiagen Mini

Prep kit and then sheared to ~250–500 bp using a

Bioruptor NGS Sonication System (Diagenode).

Sequencing libraries for each individual were prepared

using 600–1000 ng of DNA following a with-bead

library preparation protocol (Faircloth 2015), and indi-

vidual samples were labelled with a unique 6-bp index

during adapter ligation (Faircloth & Glenn 2012). Indi-

vidual libraries were target-enriched and PCR-amplified

according to the MYbaits protocol (MYcroarray) after a

24-h hybridization and then pooled with 24 individuals

per lane. Enriched libraries were 100-bp paired-end-

sequenced on an Illumina HiSeq 2000.

Sequence alignment and processing followed the gen-

eral recommendations of the Broad Institute GATK

v2.6-4 ‘Best Practices’ pipeline (https://www.broadin

stitute.org/gatk/guide/best-practices; see Supporting

information for details on software and parameters).

Reads were mapped to the entire reference dog genome

(Canis familiaris; CanFam3.1) as previous work demon-

strates that aligning wolf sequences to this reference

produces high-quality genotype calls and minimal refer-

ence bias due to ~0.1% sequence divergence between

wolves and dogs (Freedman et al. 2014). All postmap-

ping processing was done for the set of targeted

regions, allowing a 1-kb buffer at either end.

Variant filtering and final sample set

Variants were filtered with GATK VariantFiltration

using 10 filter expressions, as recommended by the

GATK ‘Best Practices’ pipeline, as well as depth of cov-

erage ≥10 and minimum genotype quality ≥30. Quality

of filtered aligned reads was assessed using the

VCFTOOLS package (Danecek et al. 2011), and we subse-

quently required that a site be called in at least 95% of

individuals for further analysis. Kinship among individ-

uals was calculated using a LD-pruned set of neutral
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variants (using the –indep-pairwise 50 50 0.5 option in

PLINK (Purcell et al. 2007), as in Schweizer et al. (2015)

and KING, which accounts for population structure

(Manichaikul et al. 2010). To remove related individuals,

which is commonly done to prevent spurious selection

signals caused in part by high identity-by-descent

(Anderson et al. 2010; Bigham et al. 2010; vonHoldt et al.

2010; Stranger et al. 2011; Fu et al. 2012), we used PRI-

MUS (Staples et al. 2012) and a maximum pairwise

identity-by-descent of 0.1 (Fu et al. 2012).

Ecotype assignment of unrelated individuals was ver-

ified by both STRUCTURE v2.3.4 (Pritchard et al. 2000;

Falush et al. 2003) and ADMIXTURE v1.23 (Alexander et al.

2009). Previously, ecotypes have been defined based on

ecological and genetic criteria, and are essentially genet-

ically distinct populations that are located in different

habitat types (Geffen et al. 2004; Carmichael et al. 2007;

Musiani et al. 2007; Schweizer et al. 2015). We ran 10

independent runs of STRUCTURE, each with 20 000 burn-

in iterations and 50 000 MCMC iterations for K = 1

through 10 with correlated allele frequencies under the

admixture ancestry model and with no location prior,

using a set of 28 195 LD-pruned neutral variants. These

parameters are almost identical to those used on similar

data sets (vonHoldt et al. 2010, 2011; Pilot et al. 2014;

Schweizer et al. 2015), and we monitored alpha and

likelihood values for convergence during burn-in and

MCMC iterations. The greedy algorithm within CLUMPP v

1.1.2 (Jakobsson & Rosenberg 2007) was used to control

for variation in cluster labels across the 10 iterations of

STRUCTURE. As an alternative clustering method, ADMIX-

TURE (Alexander et al. 2009) was run using the same

data set. Ecotype classifications of individuals were

based on concordant STRUCTURE or ADMIXTURE assign-

ments. We reasoned that, given different assumptions

underlying STRUCTURE and ADMIXTURE, a concordant

assignment (>50% for both methods) provides some

independent confirmation of groupings. Specifically,

STRUCTURE implements a cluster criterion focused on

deducing populations in Hardy–Weinberg equilibrium

whereas ADMIXTURE is an assumption-free clustering

method, and both methods have differing susceptibili-

ties to sample size and the density of geographic locali-

ties (Pritchard et al. 2000; Alexander et al. 2009).

Variant annotation and gene annotation

Functional variants within genic regions were identified

and annotated using the dog reference within

Ensembl’s Variant Effect Predictor (VEP) pipeline (v77)

(McLaren et al. 2010). The program, Sorting Intolerant

From Tolerant (SIFT), which uses sequence alignment

conservation across multiple species to identify the

potential impact of mutations within coding regions

(Ng & Henikoff 2003), was implemented through the

VEP software. SIFT scores can be used to rank nonsynony-

mous mutations as deleterious (score < 0.05) or toler-

ated (score ≥ 0.05) to indicate putative functional

impact. Given that nonsynonymous mutations may

have a functional impact even if they do not occur at

Fig. 1 Sampling location of 107 wolves superimposed on a satellite image, with coloured circles (see legend) indicating the geneti-

cally and environmentally determined ecotypes of West Forest, Boreal Forest, Arctic, High Arctic Baffin, British Columbia and Atlan-

tic Forest. Green boundaries show major Environmental Protection Agency Ecoregions (http://www.epa.gov/naaujydh/pages/

ecoregions.htm).

© 2015 John Wiley & Sons Ltd

360 R. M. SCHWEIZER ET AL.

http://www.epa.gov/naaujydh/pages/ecoregions.htm
http://www.epa.gov/naaujydh/pages/ecoregions.htm


highly conserved coding positions, we also used the

Miyata score of biochemical similarity (Miyata et al.

1979). A Miyata score ≥ 1.85 means the amino acid sub-

stitution is significantly different in terms of biochem-

istry or size, and is an alternative to protein prediction

algorithms such as PolyPhen that are designed for

humans (Adzhubei et al. 2010; Marsden et al. accepted).

Putative transcription factor binding sites (TFBS) were

identified within genic regions using the profiles in the

JASPAR PHYLOFACTS database (http://jaspar.genereg.net/).

This database contains count matrices of conserved

motifs in human, mouse, rat and dog originally identi-

fied by Xie et al. (2005). The motifs were converted to

probability weight matrices and used with the motif

finding program FIMO (Grant et al. 2011) (part of the

MEME package v4.8.1: http://meme.sdsc.edu) to find

matching occurrences in our sequence data.

Genic regions containing nonsynonymous, deleterious

nonsynonymous, 50 untranslated region (UTR), 30UTR

or TFBS mutations were tested for enrichment of Gene

Ontology (GO) categories using the R 3.1.3 (http://

www.R-project.org) package gProfileR (Reimand et al.

2007, 2011), with ‘strong’ hierarchical filtering and a

Benjamini–Hochberg (BH) false discovery rate (FDR) to

correct for multiple testing. A list of all genes sampled

on the capture array was used as a statistical back-

ground for testing enrichment. To determine whether

longer genes were more likely to be found as outliers

because of increased sampling of variants, we assessed

the Pearson correlation of gene length with significance

measures from SWEED, and BAYENV, and corrected for

multiple tests as above.

Detection of selective sweeps

We applied the site frequency spectrum (SFS)-based

method of Nielsen et al. (2005), as implemented in the

software SWEED (Pavlidis et al. 2013). This model detects

selective sweeps from genomic SNP data using a com-

posite likelihood-ratio test to choose between neutral or

selective sweep models and has the benefit that the null

hypothesis is derived from the background pattern in

the data itself. By comparing specific allele SFS to the

empirical average, the location and magnitude of a

selective sweep can be estimated (Nielsen et al. 2005).

For each ecotype, we ran SWEED on the data from neu-

tral regions and genic regions separately, using a grid

size of 10 000. The P-value of each genic position likeli-

hood score was determined by calculating the empirical

percentile according to the distribution of likelihood

values for the neutral regions, and P-value correction

for multiple testing was achieved through a BH

correction (using the ‘ecdf’ and ‘p.adjust’ functions

within R). A FDR threshold of 0.05 was used not as a

strict threshold, but rather as a parameter to assign

especially high support for outliers (e.g. Wenzel &

Piertney 2014). With this approach, we aimed to correct

for neutral population demographic history without the

assumptions of simulating data as there is no prior

demographic model available.

To identify the genes nearest each grid position in the

output from SWEED, we used BEDTOOLS v2.21.0 (Quinlan

& Hall 2010) to intersect the positions with the Ensembl

annotation gene set (CanFam3.1, Ensembl v79, March

2015), allowing a 6-kb buffer on either side (N. Alachio-

tis, personal communication). Only genes that over-

lapped those queried by the capture array were

annotated. We chose a P-value ≤ 0.01 cut-off for higher

stringency, given recent concern for elevated false posi-

tive rates in SWEED under certain scenarios (Crisci et al.

2013). Using ANGSD (Nielsen et al. 2012), we also gener-

ated unfolded SFS to verify patterns of allele frequency

variation of the top 5% of genes from SWEED relative to

neutral and genic regions (Supporting information).

Diversifying selection

To assess diversifying selection among ecotypes, we used

the Bayesian method implemented in BAYESCAN v2.1 (Foll

& Gaggiotti 2008). BAYESCAN tests whether the subpopula-

tion-specific allele frequencies are significantly different

from those within the common gene pool and computes

an alpha value to assess departures from neutrality. Sig-

nificance is assigned by a measure of support for a model

in which selection explains allele frequency differences

among populations vs. a null model. Positive alpha val-

ues imply diversifying selection and negative values bal-

ancing or purifying selection. Given concern for elevated

false positive rates for detecting balancing or purifying

selection under isolation by distance (Lotterhos & Whit-

lock 2014), we focus on diversifying selection. In popula-

tions where isolation by distance is present, as is the case

here (Schweizer et al. 2015), BAYESCAN can have high false

positive rates unless a large set of neutral loci are used to

generate empirical P-values (Lotterhos & Whitlock 2014).

Therefore, we ran BAYESCAN separately for the neutral and

genic regions, with prior odds of 10 000 and 1000, respec-

tively, and calculated empirical P-values of alpha with a

BH correction for multiple testing, as was done for SWEED.

Environmentally correlated selection

To understand the effect of varying environments on

variation in allele frequencies across North American

wolf ecotypes, we implemented BAYENV (Coop et al.

2010). With BAYENV, we measured the support for a

model in which SNPs covary linearly with an environ-

mental variable over a model in which SNPs vary
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according to neutral expectation (Coop et al. 2010). We

randomly picked 10 000 variants from our neutral

region SNP set to generate a covariance matrix from the

average of every 20 000th iteration over a total of

500 000 iterations. For each genic SNP, the selection

mode of BAYENV was run with 100 000 iterations and 12

environmental variables previously shown to be influ-

ential in wolf ecotype differentiation (Schweizer et al.

2015). The 12 variables were obtained from the WORLD-

CLIM database (Hijmans et al. 2005), normalized as previ-

ously described (Coop et al. 2010; Schweizer et al. 2015),

and measure temperature (annual mean temperature,

mean diurnal temperature range, temperature seasonal-

ity, maximum temperature of warmest month, mini-

mum temperature of coldest month), precipitation

(annual precipitation, precipitation seasonality, precipi-

tation of coldest quarter), vegetation (percentage tree

cover, normalized difference vegetation index, and land

cover category) and altitude. The final matrix of Bayes

factors (BFs) was obtained by averaging each BF over a

total of 10 independent runs to help control for sensitiv-

ity of MCMC sampling methods (Coop et al. 2010; Blair

et al. 2014). The same procedure was done for a set of

15 000 random variants from the neutral nongenic

sequence to further control for background demo-

graphic patterns. We assigned an empirical P-value

within R to the log10 BF of each genic variant using the

neutral distribution. This approach has been shown to

reduce falsely elevated BFs that may occur given the

pure drift null model inherent within BAYENV (Coop

et al. 2010; Hancock et al. 2010; Chen et al. 2012a; Lotter-

hos & Whitlock 2014). Variants with a BH-corrected

FDR ≤ 0.05 were highlighted as having additional sup-

port of being selection candidates.

Using the functional consequences of variants and SIFT

scores annotated by VEP, we tested for significant excess

of functional variants (missense or stop gained), regula-

tory variants (50UTR, 30UTR or splice) or damaging

variants (SIFT score < 0.05) in each set of outlier loci. We

performed a Fisher’s exact test for count data in R using

significance thresholds of P-value ≤ 0.05, P-

value ≤ 0.005 and BF ≥ 3 (Kass & Raftery 1995).

Patterns of variation in allele frequency

We also explored genetic and geographic patterns of

variation in allele frequency for significant outliers from

BAYENV. For variants with an empirical P-value ≤ 0.05,

we plotted within each ecotype the average allele fre-

quency of the reference nucleotide vs. the average of

the significant environmental variable. For the genic

SNPs, we also identified the ancestral and derived alle-

les, when possible, using allelic variation within Israeli

wolf, Croatian wolf, Chinese wolf (all Canis lupus), and

Israeli golden jackal (Canis aureus) as an outgroup

(Freedman et al. 2014).

Overlap assessment between outliers from capture
array and SNP array

To gauge the utility of genome scans from SNP arrays in

predicting candidates for selection, we examined the

overlap of significant outliers between outliers on the

capture and the Affymetrix SNP array (Schweizer et al.

2015), using only the genes that were assayed with both

methods (n = 739). We compared overlap within BAYENV,

within BAYESCAN, and between SWEED and FST/XP-EHH.

Although the approaches are different between SWEED

(SFS-based) and FST/XP-EHH (haplotype-based) (Sabeti

et al. 2007), both methods should identify regions con-

taining genes that have been swept to high frequency.

Genotype association with coat colour

Using coat colour information from 47 individuals (eight

black, 17 grey, 22 white) from among the West Forest,

Boreal Forest and Arctic ecotypes, we tested for signifi-

cant associations between black or white coat colour and

each of the 13 092 genic SNPs (see Results) using the

variance component model within EMMAX (Kang et al.

2010). The set of LD-pruned neutral SNPs was used to

calculate a Balding–Nichols kinship matrix, and genic

SNPs were pruned for minor allele frequency ≥10%
(Kang et al. 2010). Multiple testing P-value correction

was performed within R using the ‘p.adjust’ function.

Protein models

For candidate genes that had publicly available protein

structure information, we explored the effect of func-

tional variants on structure. We extracted the coding

sequence from the reference dog genome using the

HTSeq (Anders et al. 2015) and BIOPYTHON (Cock et al.

2009) modules within PYTHON v2.6 (www.python.org),

translated the sequence to amino acids using phase

information from Ensembl with ExPASy (Gasteiger

2003), and then aligned the protein sequences to human

annotated versions within GENEIOUS v8.1.3 (Kearse et al.

2012) to identify allelic variation. We modelled func-

tional impact on three-dimensional protein structure

using SWISS-MODEL (Arnold et al. 2006).

Results

Resequencing of candidate regions with capture array

The overall sequencing quality was high, with per-indi-

vidual average unfiltered yield of 1889.83 � 567.42 Mb,
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88.91 � 3.52% raw reads passing Illumina filters, and

mean quality of 34.5 � 0.88. After processing and

removing low-quality reads, 89 � 14% raw reads

mapped to the dog reference genome and 86 � 6% of

raw reads mapped uniquely to the dog reference gen-

ome (i.e. after PCR duplicate removal). After genotyp-

ing and additional filtering, the mean depth of coverage

over all regions on the capture array was

154.789 � 64.459, with mean neutral coverage of

181.659 � 72.959 and mean genic coverage

89.619 � 31.229 (Fig. S1, Supporting information).

After filtering, we identified 4 918 729 neutral positions

and 2 129 544 genic positions, of which 39 376 and

13 092 were variable, respectively (Table S2, Supporting

information). The transition to transversion rates were

2.32 for neutral regions and 4.17 for exonic regions

(Table S2, Supporting information), which are similar to

values in wolves and humans (DePristo et al. 2011;

Freedman et al. 2014; Zhang et al. 2014). Genotype qual-

ity was assessed by comparing genotypes for 198 SNP

positions overlapping with the Affymetrix SNP array

and the capture array target regions in the same 78

individuals (Schweizer et al. 2015). Genotyping concor-

dance was >99.5% (Table S3, Supporting information).

After removal of two related individuals, ecotype

assignment was confirmed for all individuals by concor-

dant assignment in STRUCTURE and ADMIXTURE. Eight indi-

viduals were removed from further analyses as neither

STRUCTURE nor ADMIXTURE could assign them to a single

ecotype with >50% assignment, and our selection tests

required that each individual be assigned to a popula-

tion. The remaining set of 107 individuals included 31

West Forest, 26 Boreal Forest, 30 Arctic, six High Arctic,

five British Columbia and nine Atlantic Forest wolves

(Fig. 1).

Variant annotation and GO enrichment

VEP annotated a total of 13 092 variants (Table S2, Sup-

porting information). GO enrichment analysis of genes

containing functional variants (missense, deleterious

missense, 50UTR, 30UTR and TFBS) identified 80, 30, 50,

280 and 113 significantly enriched categories, respec-

tively (BH-corrected P-value ≤ 0.05). We focused on GO

categories with a minimum of five genes at the highest

hierarchical level and found that four of 31 categories

overlapped between functional variant category types

(Fig. S2, Supporting information). The most significantly

enriched GO category was ‘detection of chemical stimu-

lus involved in sensory perception’ (P-value: 3.92e-06)

in missense variants, with the next two most significant

categories in related categories of ‘olfactory receptor

activity’ and ‘detection of stimulus involved in sensory

perception’. Within human phenotype categories, we

identified 17 categories with a minimum of five genes,

but no significant categories in 50UTR variants (Fig. S3,

Supporting information).

Detection of selective sweeps

Using SWEED, we identified candidate selective sweep

regions putatively under selection in each wolf ecotype

(Figs 2 and S4–S9, Supporting information). Tests for

GO enrichment of significant outliers (P-value ≤ 0.01),

with a minimum of two genes in each category, identi-

fied four significant categories at the highest hierarchy.

‘Defence response’ was enriched in High Arctic wolves

(P-value: 0.05), and cellular-related categories were

enriched in Arctic, Atlantic Forest and British Columbia

wolves (Fig. S10, Supporting information). Human phe-

notype categories demonstrated enrichment of genes

related to ‘round face’ and ‘short neck’ in Boreal Forest

wolves, and ‘infantile onset’ and ‘aplasia/hypoplasia

involving the central nervous system’ in Arctic wolves

(Fig. S11, Supporting information). Arctic and High

Arctic wolves had the highest numbers of candidate

genes at this threshold and the highest number of sig-

nificantly enriched GO-related categories (Fig. 2A), as

well as the highest numbers of unique candidate genes

(Fig. 2B). Furthermore, Arctic and High Arctic ecotypes

had the highest number of microRNA categories

(Fig. 2A), and showed a high proportion of low-

frequency and high-frequency derived alleles, relative

to neutral regions (Fig. S12, Supporting information).

Within each of the six ecotypes, the Pearson correlation

between gene length and maximum-likelihood value

within each gene was low (�0.025 to 0.211), but was

significant for four populations (West Forest, Boreal

Forest, Arctic, Atlantic Forest; Table S4, Supporting

information). These findings suggest a lack of power to

detect selection in short genes, in some cases.

Within SWEED results, we focused on significant mis-

sense variant positions (P-value ≤ 0.05), as the func-

tional effects are more directly interpretable, although

many more variant types were identified in significant

genes (Figs S4–S9, Supporting information). We identi-

fied 25 genes (57 missense variants) in West Forest

wolves, 29 genes (77 missense variants) in Boreal For-

est wolves, 34 genes (112 missense variants) in Arctic

wolves, 24 genes (78 missense variants) in High Arctic

wolves, 25 genes (101 missense variants) in British

Columbia wolves, and 34 genes (96 missense variants)

in Atlantic Forest wolves. It is of interest to note that

significant variants in putative TFBS were within

sweep regions in all populations (West Forest: 20

genes; Boreal Forest: 21 genes; Arctic: 22 genes; High

Arctic: 16 genes; British Columbia: 21 genes; Atlantic

Forest: 20 genes).
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There were several notable outlier genes from SWEED.

APOB (Apolipoprotein B), which controls plasma choles-

terol levels in a wide range of species (Farese et al.

1995), was an outlier in British Columbia wolves

(Fig. S8, Supporting information). In Arctic wolves, a

selective sweep region was centred on a candidate gene

for hearing and vision, PCDH15 (Protocadherin 15; Ala-

gramam et al. 2001; Le Gu�edard et al. 2007) (Fig. S6,

Supporting information). In both Arctic and Atlantic

Forest wolves (Figs S6 and S9, Supporting information),

the olfactory receptor gene OR6B1 was a significant out-

lier with missense mutations. Two immunity-related

canine beta-defensins, CBD102 and CBD1, were highly

ranked in West Forest and High Arctic wolves, respec-

tively (Figs S4 and S7, Supporting information). The

immunity-related MHC class II gene, DLA-DQA

(Wagner et al. 1996), was also highly ranked in Atlantic

Forest wolves (Fig. S9, Supporting information). TYR

(Tyrosinase), which encodes the rate-limiting enzyme

that converts tyrosine to melanin within the pigmenta-

tion pathway, was an outlier in Boreal Forest and Arctic

wolves (Figs 6 and S5, Supporting information). TYRP1

(tyrosinase-related protein 1), which was an outlier within

British Columbia wolves (Fig. S8, Supporting informa-

tion), can cause brown or white colour in dogs and

mice (Nakamura et al. 2002; Kaelin & Barsh 2013).

MLPH (melanophilin) was an outlier in Atlantic Forest

wolves, with a P-value < 0.01 (Fig. S9, Supporting infor-

mation), and mutations within MLPH have been associ-

ated with the ‘dilution’ phenotype, in which eumelanin

pigment appears diluted to silver colours (Hume et al.

2006).

Diversifying selection

Our analysis with BAYESCAN identified three SNPs with a

BH-corrected P-value ≤ 0.05. One significant SNP (a:
1.42) causes a synonymous amino acid change in UACA

(uveal autoantigen with coiled-coil domains and ankyrin

repeats), a gene that regulates apoptosis in response to
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stress, and has been implicated in multiple vision-

related disorders (Yamada et al. 2001; Ohkura et al.

2004). Another significant SNP (a: 1.52) is located in an

intron of ATP10B (ATPase, Class V, Type 10B), a gene

that is involved in phospholipid translocating and sig-

nificantly associated with coronary artery disease and

degree of atherosclerosis (Nolan et al. 2012). The

remaining significant SNP was intergenic (a: 1.37). GO

enrichment of the two genes did not identify any signif-

icant categories with more than one gene overlap.

Environmentally correlated selection

Using the BAYENV method, we focused on the effect of

12 environmental variables on missense and TFBS vari-

ants. Only deleterious missense variants (i.e. with SIFT

score ≤ 0.05 and P-value ≤ 0.005 or BF ≥ 3) were

enriched in temperature seasonality and precipitation

seasonality. We did not find significant enrichment of

broader functional or regulatory mutations in any other

environmental variables. GO analysis of genes with sig-

nificant variants (P-value ≤ 0.005) in BAYENV identified

significant enrichment in multiple ecologically relevant

top-level categories, including those related to vision,

hearing, immunity and homoeostasis (Fig. 3). There

was overlap of GO categories among similar types of

environmental variables (i.e. vegetation, precipitation or

temperature; Fig. 3). Human phenotype category

enrichment of the same set of genes revealed categories

for hearing, vision and bone development (Fig. S13,

Supporting information). The Pearson correlation

between gene length and maximum BF was significant

for two variables (minimum temperature of coldest

month, precipitation seasonality; Table S4, Supporting

information).

Several missense mutations were highly and signifi-

cantly correlated with environmental variables (Fig. 4,

Table 1). These mutations occurred within genes that

function in olfactory receptor activity, coat coloration,

lipid metabolism, vision and hearing, and immunity.

Detailed statistics and specific genes are provided in

Table 1, and patterns of allele frequency variation for a

subset are shown in Figs 4 and 5. We note that we did

not find any missense mutations in CBD103, but this was

not expected given previous studies showing that a 3-bp

deletion causes black coat colour (Candille et al. 2007).

We did find that an intron variant within 596 bp of the 3-

bp deletion that was in perfect linkage (D0 = 1; Fig. 4)
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and was significantly associated with maximum temper-

ature of warmest month (BF = 4.2; P-value = 0.0037) and

land cover type (BF = 2; P-value = 0.0076).

We also examined whether any significant noncoding

variants from BAYENV were located in putative TFBS,

and found six variants (P-value ≤ 0.005) overlapping six
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Table 1 Summary table of significant nonsynonymous SNPs identified in BAYENV

Gene SNP

Environmental

variable

Nucleotide

mutation Ancestral

Amino acid

mutation

SIFT

score

Miyata

score

Bayes

factor P-value

APOB

(lipid

metabolism)

17:15881156 BIO15 Precipitation

seasonality

C/T ? Arg3812Lys 1 0.4 4.07 0.00293

17:15881156 TREE Percentage

tree cover

C/T ? Arg3812Lys 1 0.4 2.26 0.00853

17:15881156 SRTM Altitude C/T ? Arg3812Lys 1 0.4 1.89 0.02400

17:15882467 SRTM Altitude C/T C Val3510Ile 1 0.85 1.23 0.04413

17:15884825 BIO15 Precipitation

seasonality

C/T C Val2724Ile 0.89 0.85 2.56 0.00560

17:15884825 BIO5 Max. temp. of

warmest

month

C/T C Val2724Ile 0.89 0.85 1.57 0.01107

17:15884825 BIO2 Mean diurnal

temp. range

C/T C Val2724Ile 0.89 0.85 1.15 0.01573

17:15886439 SRTM Altitude G/T G Leu2186Ile 0.06 0.14 13.10 0.00267

17:15888047 SRTM Altitude C/T C Gly1650Ser 0.45 0.85 2.27 0.01833

17:15888047 BIO5 Max. temp. of

warmest

month

C/T C Gly1650Ser 0.45 0.85 1.13 0.01813

17:15888117 NDVIM Vegetation

index

C/T ? Met1626Ile 0.27 0.29 1.96 0.00793

17:15888242 BIO15 Precipitation

seasonality

G/A A Leu1585Phe 0.32 0.63 7.86 0.00160

17:15888242 BIO1 Annual

mean temp.

G/A A Leu1585Phe 0.32 0.63 2.89 0.00360

DLA-DQA

(immunity)

12:2221262 TREE Percentage

tree cover

G/C G Glu25Asp 0.8 0.9 1.05 0.02167

12:2225320 SRTM Altitude A/C C Met99Leu 0.64 0.41 2.77 0.01467

12:2225320 BIO5 Max. temp. of

warmest

month

A/C C Met99Leu 0.64 0.41 1.19 0.01660

12:2225320 TREE Percentage

tree cover

A/C C Met99Leu 0.64 0.41 1.11 0.02033

12:2225338 BIO2 Mean diurnal

temp. range

A/C C Lys105Gln 0.28 1.06 164.00 0.00000

12:2225338 BIO5 Max. temp. of

warmest

month

A/C C Lys105Gln 0.28 1.06 6.58 0.00213

12:2225338 SRTM Altitude A/C C Lys105Gln 0.28 1.06 1.92 0.02307

DLA-DRB1

(immunity)

12:2164457 SRTM Altitude G/A ? Pro36Ser 0.72 0.56 2.31 0.01820

LIPG (lipid

metabolism)

7:79206161 BIO2 Mean diurnal

temp. range

A/G G Ile420Thr 0.43 2.14 1.58 0.01027

7:79206161 BIO15 Precipitation

seasonality

A/G G Ile420Thr 0.43 2.14 1.01 0.01767

OR4S2

(olfaction)

18:41571000 BIO15 Precipitation

seasonality

T/C T Tyr82His 0 2.27 1.01 0.01767

18:41571136 BIO4 Temp.

seasonality

G/A G Arg127His 1 0.82 1.19 0.01173

18:41571261 SRTM Altitude C/A C Leu169Ile 0.13 0.14 1.30 0.04107

18:41571352 LC Land cover

type

G/A G Ser199Asn 0.01 1.31 7.34 0.00173

18:41571352 BIO5 Max.

temp. of

warmest

month

G/A G Ser199Asn 0.01 1.31 1.75 0.00987
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genes (Table 2). Notably, we identified a high-ranking

variant within a TFBS 567 bp upstream of LEP (leptin),

a gene that encodes a protein secreted from adipose tis-

sue that is involved in obesity (Mamm�es et al. 1998). In

humans, a 50 variant located 633 bp upstream signifi-

cantly associates with obesity (Li et al. 1999). A second

variant was located in a putative TFBS for FOXA3 (fork-

head box A3) (Table 2). FOXA3 is itself a transcription

factor hypothesized to control expression of multiple

liver-related genes and differentiation of adipocytes (Xu

et al. 2013) and glucose homoeostasis (Shen 2001).

Patterns of variation in allele frequency

Outlier genic SNPs from BAYENV showed large allele fre-

quency differences across environmental variables

(Figs 4 and 5, Table 1). Often, the High Arctic and Bri-

tish Columbia ecotypes defined opposite extremes of

Table 1 Continued

Gene SNP

Environmental

variable

Nucleotide

mutation Ancestral

Amino acid

mutation

SIFT

score

Miyata

score

Bayes

factor P-value

18:41571352 NDVIM Vegetation

index

G/A G Ser199Asn 0.01 1.31 1.03 0.01873

OR5B17

(olfaction)

18:38041707 BIO15 Precipitation

seasonality

C/T C Ala97Val 0.06 1.85 2.26 0.00593

18:38041775 BIO5 Max. temp. of

warmest

month

T/C ? Cys120Arg 1 3.06 1.28 0.01480

OR6B1

(olfaction)

16:5885672 NDVIM Vegetation

index

C/G C Val48Leu 1 0.91 15.20 0.00073

PCDH15

(vision and

hearing)

26:34571018 TREE Percentage

tree cover

A/G G Asn1555Asp 0.08 0.65 1.04 0.02207

26:34571630 TREE Percentage

tree cover

G/A ? Glu1755Lys 1 1.14 1.07 0.02127

TYR

(pigmentation)

21:10893984 SRTM Altitude C/T ? Val59Ile 0.31 0.85 1.39 0.03707

21:10893984 TREE Percentage

tree cover

C/T ? Val59Ile 0.31 0.85 1.06 0.02140

TYRP1

(pigmentation)

11:33329087 BIO6 Min. temp. of

coldest

month

G/A G Arg416Lys 0.39 0.4 2.81 0.00220

11:33329087 BIO12 Annual

precipitation

G/A G Arg416Lys 0.39 0.4 1.18 0.00447

USH2A (vision

and hearing)

38:11244630 NDVIM Vegetation

index

C/T ? Ala3218Thr 0.58 0.9 5.00 0.00273

38:11244630 LC Land cover

type

C/T ? Ala3218Thr 0.58 0.9 1.30 0.01207

38:11244661 BIO19 Precipitation

of coldest

quarter

T/G T Gln3207His 0.33 0.32 3.25 0.00173

38:11244661 BIO12 Annual

precipitation

T/G T Gln3207His 0.33 0.32 2.57 0.00213

38:11244661 BIO4 Temp.

seasonality

T/G T Gln3207His 0.33 0.32 2.47 0.00527

38:11244661 BIO6 Min. temp. of

coldest

month

T/G T Gln3207His 0.33 0.32 1.55 0.00440

38:11288551 SRTM Altitude C/T C Asp2828Asn 1 0.65 21.70 0.00167

38:11297838 BIO5 Max. temp. of

warmest

month

G/A A Ala2692Val 0.33 1.85 1.10 0.01867

Single nucleotide polymorphisms (SNPs) with allele frequencies plotted against environmental variables in Figs 4 and 5 are in bold.

The genotype, reference and nonreference allele of outlier samples (Freedman et al. 2014), as well as ancestral allele are provided,

when possible (otherwise indicated with ‘?’). For each SNP, Sorting Intolerant From Tolerant (SIFT) scores ≤ 0.05 and Miyata

scores ≥ 1.85 are in bold. See text for details.
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both the environmental variable and SNP allele fre-

quency (Fig. 4). In contrast, we found that often the

Boreal Forest and West Forest ecotypes have intermedi-

ate allele frequencies and environments (Fig. 4). For 19

outlier SNPs, we were able to infer the ancestral and

derived alleles by comparing to previously sequenced

wolf and golden jackal genomes (Table 1). For LIPG,

OR5B17, OR4S2, PCDH15 and TYR, the Arctic and High

Arctic ecotypes show an increase in derived allele fre-

quency, with the greatest change occurring in PCDH15

where Atlantic Forest wolves were almost fixed for the

ancestral allele, and High Arctic wolves were fixed for

the derived allele (Fig. 4). In APOB, DLA-DQA, OR4S2

and OR6B1, we found novel variants not previously

observed in Old World wolves and a golden jackal

(Freedman et al. 2014).

Selection test overlap

We found relatively high overlap between significant

genes with a P-value ≤ 0.05 for SWEED, BAYESCAN and

BAYENV (Fig. S14, Supporting information). Of a total of
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Fig. 5 Allele frequency and heterozygos-

ity in MHC Class II genes. (A) and (B)

correspond to DLA-DQA missense muta-

tion (chr12:2225338; derived allele is ref-

erence), (C) and (D) correspond to DLA-

DRB1 missense mutation (chr12:2164457;

ancestral state unknown). The single

nucleotide polymorphism (SNP) location

and gene name are provided with linear

best fit lines and Pearson’s correlation

(‘corr’). Heterozygosity of random neu-

tral SNPs is provided (blue). Ecotypes

are coded as follows: WF (West Forest),

BF (Boreal Forest), A (Arctic), HA (High

Arctic), BC (British Columbia), AF

(Atlantic Forest).

Table 2 Summary table of significant single nucleotide polymorphisms (SNPs) from BAYENV that are located in transcription factor

binding sites. For each SNP, chromosome and base pair position is provided in CanFam3.1 coordinates, with the nucleotide mutation

(reference/nonreference). ‘Consequence’ refers to the functional impact predicted by Variant Effect Predictor (McLaren et al. 2010)

Gene SNP Environmental variable Consequence

Nucleotide

mutation Bayes factor P-value

ATP6V1C2 17:7601977 BIO2 Mean diurnal temp. range 50UTR variant C/A 15.00 0.000933

COBLL1 36:9958211 BIO6 Min. temp. of coldest month Intron variant C/T 6.26 0.001333

36:9958211 BIO4 Temp. seasonality Intron variant C/T 4.56 0.002800

36:9958211 BIO19 Precipitation of coldest quarter Intron variant C/T 3.83 0.001533

36:9958211 BIO12 Annual precipitation Intron variant C/T 3.28 0.001667

FOXA3 1:109757833 TREE Percentage tree cover Upstream gene variant T/A 4.29 0.004000

GPR116 12:15071633 BIO5 Max. temp. of warmest month Intron variant C/T 5.67 0.002400

KLF12 22:27986043 BIO15 Precipitation seasonality Intron variant G/A 3.14 0.004000

LEP 14:8121117 TREE Percentage tree cover Intron variant A/G 10.70 0.001400

14:8121117 LC Land cover type Intron variant A/G 5.77 0.002267
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554 genes, 195 genes (35.4%) were common to two of

three methods and one gene was common to all three

methods (ATP10B). For the former category, the major-

ity (194/195) of genes overlapped between SWEED and

BAYENV. Nineteen of our 60 a priori candidates were sig-

nificant (P-value ≤ 0.05) in at least one selection test.

Using a stricter threshold (SWEED P-value ≤ 0.01,

BAYESCAN P-value ≤ 0.01, BAYENV BF ≥3), there were no

genes common to all three methods (Fig. S14, Support-

ing information). There were, however, 28/233 genes

(12.0%) common to BAYENV and SWEED, and 3/233 genes

(1.3%) common to BAYENV and BAYESCAN. The 28

genes common to BAYENV and SWEED at this threshold

included five candidate genes mentioned above: CBD1,

CBD102, CBD103, MLPH and PCDH15.

Overlap between capture array and SNP array

To determine how well our previous selection scan

identified candidate genes (Schweizer et al. 2015), we

assessed the overlap between candidate genes tagged

by the SNP array and sequenced by capture array.

There were a total of 739 genes on the capture array

that were within 10 kb of a SNP on the Affymetrix dog

SNP array. BAYENV performed the best, with 188/296

genes (47%) occurring in the top 5% rank in both plat-

forms (Fig. S15, Supporting information). Selective

sweep methods (SWEED and FST/XP-EHH) also showed

concordance, with 73/270 (27%) genes overlapping,

even though the analytical methods differed between

the SNP array and the capture array (Fig. S15, Support-

ing information). No outlier genes from BAYESCAN on the

SNP array were confirmed by gene sequencing on the

capture array (out of six overlapping). We also

observed cases in all three selection methods using rese-

quencing data where the test identified significant genes

that had been tagged by SNPs on the Affymetrix array

but were not identified within the top 5% of genes (or

FDR < 0.05 for BAYESCAN) on the Affymetrix array

(BAYENV: 172 genes; BAYESCAN: two genes; sweeps: 115

genes).

Genotype association with coat colour

Using data from eight black, 17 grey and 22 white

wolves, we found significant associations with SNPs in

pigmentation genes. In black wolves, eight SNPs had a

corrected q-value ≤ 0.05, and the most significant SNP

in a pigmentation gene was a 30UTR variant in CBD103

(q-value: 0.02895). The other seven SNPs were within

the selective sweep region for CBD103 (Anderson et al.

2009). In white wolves, there were three significant

SNPs (corrected q-value ≤ 0.05), all within the 30UTR

region of CBD103 (most significant q-value: 0.04467).

Protein models

To further explore the potential impact of selected vari-

ants on protein function, we chose three high-ranking

genes, APOB, LIPG and USH2A, for which protein

domain structure and other relevant literature were

readily available. For APOB, which is one of the most

complex proteins in the genome with regard to exon

structure, we focused on exon 26, which encodes the

most important functional domains (Young 1990; Amr-

ine-Madsen et al. 2003). Three missense mutations

within APOB occurred in a region from AA 1425 to AA

1728 in humans (AA 1563 to AA 1866 in wolves)

(Fig. S16A, Supporting information) which is crucial for

forming triglyceride-rich LDL particles (Young 1990)

and is a conserved outer membrane channel domain

(NCBI c121487). In LIPG, we identified a single mis-

sense mutation at position 420 causing an isoleucine

(hydrophobic) to change to a threonine (polar). This

mutation occurred within the PLAT domain of

endothelial lipase (the protein encoded by LIPG) (Figs 6

and S16B, Supporting information). Previous functional

protein assays have demonstrated that endothelial

lipase has a unique 23 AA region in the PLAT domain

that is likely to be crucial to the unique capabilities of

endothelial lipase to interface with HDL particles (Raz-

zaghi et al. 2013), and our mutation occurred near the

beginning of that 23 AA region (Fig. 6). Finally, four

highly ranked missense mutations occur within the

longer isoform of USH2A (Fig. S16C, Supporting infor-

mation). Two of these mutations, Ala2692Val and

Asp2828Asn, were located within a region of USH2A

consisting of nine fibronectin type III domains (NCBI

cd00063). We also identified a three-base pair in-frame

deletion (Ser1040del), predicted to be damaging by

PROVEAN (Choi et al. 2012), within the functional

laminin-type EGF-like motif domain (data not shown).

Discussion

Utility of study design

To test the ability of linked divergent SNPs to tag

potentially functional variation, we assessed nucleotide

variation in 980 genes. This effort provided an exhaus-

tive assessment of the potential of genomewide SNP

studies to study local adaptation. We then focused on a

subset of genetic changes consistent with observed eco-

logical differences among populations. We found sup-

port for the SNP genotyping approach, with up to 47%

of the candidate genes identified with the SNP array

genome scan (Schweizer et al. 2015) confirmed by rese-

quencing as outliers with mutations that could affect

function (nonsynonymous, deleterious nonsynonymous,
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50UTR, 30UTR or TFBS mutations). Given that many of

these regions were identified as outliers in the previous

scan, their overlap with resequencing outliers is not

necessarily an independent confirmation (Thornton &

Jensen 2007). Nonetheless, resequencing reduced

ascertainment bias in the genotype data as all variants,

common and rare, were identified, thus enabling a

higher-resolution examination of diversity. Wolves and

dogs share ~99% of polymorphisms; however, SNPs on

the genotyping array were chosen to be common in a

panel of dogs, which may provide a biased view of

genetic differentiation in wolves (vonHoldt et al. 2010;

Schweizer et al. 2015). Our confirmation by resequenc-

ing suggests that the SNPs on the canine array are

useful, despite ascertainment bias, for tagging linked

outlier genes that have potentially functional variants

(Haasl & Payseur 2015). We were able to computation-

ally predict the effect of mutations through the use of

SIFT and Miyata scores, and through detailed literature

searches to identify functional domains within protein

structures. Furthermore, the fact that many of our top

candidates have been well studied in selection studies

in multiple species supports the use of a priori candi-

date genes from other studies. In fact, 19 of 60 (32%) a

priori candidates contained variants that were signifi-

cant in at least one of our selection methods. Although

we did find many more coding than noncoding variants

in our selection candidates (Tables 1 and 2), we may

have missed functional noncoding sequences due to

limited sampling of flanking regions or inaccuracies in

the TFBS databases. To further support our functional

hypotheses based on coding or regulatory variation,

future studies might utilize classical knock-in or knock-

out experiments in mice (Lewandoski 2001), new meth-

ods such as CRISPR to target specific alleles (Cong et al.

2013), or proteomic approaches (Diz et al. 2012).

Our use of extensive nongenic data (‘neutral regions’

verified using the dog genome annotation, CanFam3.1)

as demographic controls offers an empirical method to

potentially reduce the false positive rate and mitigate

ascertainment bias inherent to SNP genotyping arrays.

Genome scans can suffer from high rates of false posi-

tives as multiple evolutionary forces can produce simi-

lar genetic patterns of variation (Nielsen et al. 2007).

Inclusion of a demographic model in the analysis can

potentially address this problem, but models have sim-

plifying, sometimes unrealistic assumptions or are too

difficult to infer with modelling (Lotterhos & Whitlock

2014). Our results suggest that the modelling approach

embedded in BAYESCAN may be too conservative (Foll &

Gaggiotti 2008) as only a few outlier regions were

resolved and were largely not shared in common with

our other two outlier approaches (Figs S14 and S15,

Supporting information). Therefore, in species with

complex demographic histories, such as wolves, empiri-

cally based neutral controls may be preferable over

explicit models that make specific demographic

assumptions (Nielsen et al. 2005; Coop et al. 2010).

Finally, several important caveats should be noted

about our experimental design. First, wolves have levels

of LD allowing a moderately dense SNP array to tag

genes within 10 kb (the distance at which r2 = 0.2 in

outbred populations; see Gray et al. 2009). Second, the

dog SNP array was enriched for genic regions, with

over 60% of SNPs tagging genes within 10 kb (Sch-

weizer et al. 2015), which likely increased the efficacy of

finding genes under selection, especially in comparison

to random sequencing methods such as RAD-seq (Baird

(A)

(B)

Fig. 6 Location of missense mutation within 3D protein struc-

ture of LIPG. (A) The mutation, which changes an Isoleucine

(hydrophobic) to a threonine (polar) at amino acid (AA) posi-

tion 420, occurs in a (B) 23 AA structural motif (blue helix

structure) within the PLAT domain of LIPG. The full 3D struc-

ture of LIPG is provided for reference. Previous work indicates

this domain may enhance the lipid binding function of LIPG.

Part (B) is reproduced, with permission, from Razzaghi et al.

(2013).
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et al. 2008; Jones & Good 2015). The use of an exome or

transcriptome capture array (e.g. Bi et al. 2012) is an

alternative to our approach that would provide com-

plete sequences for potentially all transcribed genes in a

single experiment, but few of those genes are likely to

be under positive directional selection. For example,

our SNP genotyping array identified a few thousand

candidate genes from a total of about 12 000 tagged

genes (Schweizer et al. 2015). Focusing capture on a

reduced subset of genes allowed for higher coverage of

each gene (>1009) and efficient use of sequencing

resources (as many as 25 individuals per lane). In fact,

we predict that double that number of individuals

could have been sequenced in each lane and still

allowed for high coverage (>509) and accurate genotyp-

ing. One limitation is the availability of genic SNP

arrays for the study species, but technological improve-

ments will likely reduce the cost of construction and

application of such genotyping arrays in the near

future.

Temperature-related variation in immune-related genes

We predicted that variants among wolf ecotypes in

immunity genes would change as a function of temper-

atures due to differences in pathogen prevalence (Allen

et al. 2002; Guernier et al. 2004; Dionne et al. 2007). We

found missense variants within two MHC Class II

genes, DLA-DQA and DLA-DRB1, that were signifi-

cantly associated in frequency and heterozygosity with

altitude, temperature and percentage tree cover (Fig. 5,

Table 1). Two beta-defensins, CBD102 and CBD103,

were also in sweep regions within Atlantic Forest and

West Forest wolves, and an intron variant perfectly

linked with the deletion causing black coat colour was

significantly associated with temperature and land

cover variables. The deletion variant of CBD103 had

previously been highlighted in Yellowstone and Cana-

dian wolves for its possible function in coat colour and

immunity (Anderson et al. 2009), and we show that it is

also found in Atlantic and West Forest populations

from Denali National Park. Significant GO categories of

‘defence response’ in both BAYENV and SWEED supported

a role of immune response in these wolf ecotypes as

well (Figs 3 and S10, Supporting information).

MHC Class II genes encode cell surface immune

receptors that respond to bacterial antigens in the extra-

cellular environment, and variation within these genes

is thought to improve the defence response to patho-

gens (reviewed in Bernatchez & Landry 2003). Temper-

ature-related variation in immunity genes has been

observed in salmon, where clinal variation reflects

changing vector prevalence in streams (Dionne et al.

2007). Heterozygote advantage has been documented in

direct response to zoonotics (Osborne et al. 2015) and is

associated with pathogen resistance (Bernatchez &

Landry 2003). Likewise, we observed a correlation

between heterozygosity for SNPs within MHC DLA-

DQA and temperature variables (Fig. 5). In a previous

study of MHC haplotype diversity in North American

grey wolves (Kennedy et al. 2007), wolves of the boreal

forest had the highest haplotype diversity at DLA-

DRB1, DLA-DQA1 and DLA-DBQ1, and the authors

hypothesized that this pattern may be due to habitat-

based isolation or postglacial recolonization history.

Our results suggest that this pattern may also reflect

temperature-related pathogen prevalence as we find

that the frequency of the derived allele increases from

0.25 in High Arctic wolves to 0.55 in Boreal Forest

wolves, the latter also have the highest mean tempera-

ture of the warmest month, relative to other popula-

tions (Fig. 5A). We observe similar patterns of

correlation with temperature for the CBD103-linked

intron variant (Fig. 4), with derived allele frequency

increasing from 0.17 in High Arctic wolves to 0.57 in

Boreal Forest wolves. Selective sweep regions contain-

ing immunity genes have also been identified in diverse

species such as humans (Fagny et al. 2014), cattle (Qan-

bari et al. 2014), bank voles (White et al. 2013) and dogs

(Akey et al. 2010).

Positive selection on vision, hearing and olfaction
genes

We identified multiple candidate genes and GO cate-

gories related to vision, hearing and olfaction in wolves.

For many of these genes, we found putatively selected

missense mutations that have been implicated in human

vision and hearing disorders (i.e. PCDH15 and USH2A

in Usher syndrome) or have been well studied in multi-

ple organisms (olfactory receptor genes). Based on habi-

tat-related variation in light and vegetation, and given

that wolves are predators living in closed and open

habitats, it is not surprising that divergent natural selec-

tion for vision, olfaction and hearing has occurred.

Damaging mutations (SIFT score < 0.05) within PCDH15

and USH2A were outliers for multiple environmental

variables, and PCDH15 was within a selective sweep

region for Boreal Forest and Arctic wolves (Figs S5 and

S6, Supporting information). For PCDH15, we observed

an increase in derived allele frequency from near

absence in Atlantic Forest wolves (0.06) to fixation (1) in

High Arctic wolves, the latter of which experience the

sharpest seasonal variation in light conditions. In

humans, nonsynonymous mutations in USH2A are

implicated in nonserious forms of deafness and oculta-

neous albinism (Dreyer et al. 2000), while for PCDH15,

large-scale genomic aberrations are more likely to cause
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similar symptoms of Usher Syndrome (Le Gu�edard

et al. 2007). PCDH15 has also been identified as a candi-

date gene for selection related to echolocation in mam-

mals (Parker et al. 2013), and as a gene within selective

sweep regions in East Asian humans (Williamson et al.

2007; Grossman et al. 2010). Multiple sensory-related

GO categories were also enriched in BAYENV (Fig. 3).

Similarly, we predicted that differential ability to detect

odorant molecules might be advantageous as a result of

differing hunting conditions or intraspecific recognition

factors across environments. We found multiple, dam-

aging mutations within olfactory receptor genes, with

allele frequency differences as much as 0.56 between

Atlantic Forest and High Arctic wolves (Fig. 4).

Together these data imply local adaptation at the molec-

ular level in different wolf ecotypes mediated by envi-

ronmental factors.

Olfactory receptor (OR) genes aid in sensing and dis-

tinguishing odorants in the environment and con-

specifics from each other (reviewed in Ache & Young

2005) and are the most abundant gene class in canines

with ~1100 genes (Quignon et al. 2005). Likely because

of their functional importance, OR genes have been

implicated in selection in multiple organisms, including

primates (Gilad et al. 2003), canids (Chen et al. 2012b)

and cattle (Qanbari et al. 2014). In naturally occurring

populations of Drosophila, OR genes show clinal varia-

tion and signals of selection (Reinhardt et al. 2014). In

our previous selection scan (Schweizer et al. 2015), we

detected significant outliers in BAYENV that tagged OR

genes. None of those genes had functional variants once

resequenced here, which suggests that regulatory vari-

ants not captured here may have driven the signals on

the SNP array. However, in this study we also found

strong patterns in a different set of OR genes. Given

that each OR gene detects a distinct odorant, and speci-

fic variants within OR genes have been demonstrated to

affect odour perception (Keller et al. 2007; Keller & Vos-

shall 2008), our results suggest that different OR genes

may be selected in wolf ecotypes in response to varying

habitats.

Metabolism

We found striking examples of selection on metabolic

genes in wolf ecotypes. Extreme environmental differ-

ences between the most distinct ecotypes (British

Columbia, Arctic, High Arctic) and associated diet dif-

ferences are hypothesized to select for genetic variants

influencing lipid levels and insulin regulation for cold

tolerance and varying levels of dietary fat (Schweizer

et al. 2015). For LIPG, the gene encoding endothelial

lipase, we found a missense variant that significantly

correlated with both mean diurnal temperature range

and precipitation seasonality, with the derived allele

frequency rising from 0 in British Columbia wolves to

0.83 in High Arctic wolves (Fig. 4). This variant changes

the amino acid from hydrophobic to polar within the

functional PLAT domain (Fig. 6; Razzaghi et al. 2013).

Likewise, in APOB, we found three significant missense

mutations within the highly functional 26th exon that

may affect the formation of triglyceride-rich VLDL par-

ticles. Interestingly, we also found that Arctic and High

Arctic ecotypes had a large proportion of their GO-

related categories (i.e. GO, KEGG, Reactome, human

phenotype, microRNAs) represented by microRNA cat-

egories. MicroRNAs (miRNAs) are short segments of

RNA that are involved in posttranscriptional regulation

in many organisms and are increasingly implicated in

adipocyte differentiation in humans and mice, and in

response to environmental stress (Griffith-Jones 2004;

Zaragosi et al. 2011; Hilton et al. 2012; Lyons et al. 2013;

Wu et al. 2013; Storey 2015).

To our knowledge APOB and LIPG have not previ-

ously been identified as selection candidates in wolves,

other than in our initial SNP array-based selection scan

(Schweizer et al. 2015). Even so, both genes have been

implicated in multiple diseases affecting humans and

have been candidates under positive selection in other

organisms. For instance, in a genomewide selection scan

of polar bears and brown bears, APOB was one of the

most statistically significant candidate genes, and con-

tained mutations that may be functionally important for

the high lipid diet of polar bears (Liu et al. 2014). Trout

subjected to different fat content diets show differing

expression levels of LIPG (Kolditz et al. 2008), and in

humans, mutations in LIPG cause elevated HDL choles-

terol (Edmondson et al. 2009; Razzaghi et al. 2013). LIPG

and APOB are critical in the metabolism of HDL and

LDL lipids, respectively, and are necessary for normal

maintenance of lipid levels in the blood.

Pigmentation variation

We anticipated finding variants of genes involved in

pigmentation pathways that may correspond to coat

colour variation in wolves, and that function in camou-

flage (Jolicoeur 1959) or have secondary effects on

immunity and fitness (e.g. Anderson et al. 2009; Coul-

son et al. 2011). We identified a selective sweep region

within Boreal Forest and High Arctic wolves that

included CBD103, and an intron variant within CBD103

in absolute linkage to the deletion haplotype that signif-

icantly varied with environmental variables. The fre-

quency of the linked variant increases with increasing

maximum temperature (Fig. 4), and also with docu-

mented coat colour frequencies (Gipson et al. 2002;

Musiani et al. 2007; Anderson et al. 2009). Considering
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this observed variation in wolf coat colour, it is intrigu-

ing that we found a missense mutation within TYR that

is a significant outlier for percentage tree cover in

BAYENV and located in a sweep region within Boreal for-

est and Arctic wolves. The same mutation was not sig-

nificant in a genotype–phenotype association for white

coat colour and was not found exclusively in white

individuals (Fig. S17, Supporting information), suggest-

ing it is one of several loci influencing colour variation

(Barsh 1996; Hoekstra 2006; Sturm & Duffy 2012).

Lack of strong evidence for positive selection on
morphological genes

Our evidence for selection on morphological variation

was not as decisive as for other traits. We found this

surprising given that size differences in wolves can

facilitate more effective pursuit and capture of prey

(MacNulty et al. 2009; Slater et al. 2009). We initially

expected, given results from the SNP array-based gen-

ome scan (Schweizer et al. 2015), that we would find

functional variants within genes having effects on skull

morphology. However, we found no specific morpho-

logically associated gene supported in the resequencing

analysis. Conceivably, other genes or cis/trans factors

that affect gene regulation and may influence morpho-

logical variation in wolves were not captured on the

array. For example, we identified in our SNP array-

based genome scan several genes within the BMP and

WNT developmental pathways, but did not sequence

them with our capture array due to design and space

limitations.

Conservation implications

Our findings highlight local adaptation at the molecu-

lar level of wolf ecotypes in North America. Two of

the ecotypes showing the greatest number of unique

outlier genes are from the Arctic and High Arctic

(Fig. 2). Unfortunately, these wolf ecotypes inhabit tun-

dra environments that may disappear by the end of

this century (Mech 2004; Gilg et al. 2012; Mahlstein &

Knutti 2012), and are threatened by human impacts

such as hunting (Musiani & Paquet 2004; Bryan et al.

2014). Most notably, we detect positive selection in

Arctic and High Arctic wolves on genes influencing

vision, immunity, pigmentation and metabolism

(Fig. 4). The high level of adaptive distinction found in

these ecotypes might be expected given the extreme

environment in which they live, but our molecular

results provide a powerful mandate to enhance protec-

tion of these populations as they represent the most

adaptively distinct North American wolves that we

have sampled. The large number of GO-related

category types in Arctic wolves demonstrates highly

specific adaptations to their environment (Fig. 2A). The

large number of significantly enriched microRNA cate-

gories (>100) and the literature implicating microRNAs

in adipocyte differentiation and extreme environment

adaptation implies that Arctic wolves may have

evolved regulatory responses to their environment

(Fig. 2A). Similarly, we find that British Columbia

coastal wolves have a unique suite of molecular adap-

tations that support arguments for adaptive distinction

(Mu~noz-Fuentes et al. 2009). Differing sample sizes are

unlikely to drive these patterns, as High Arctic and

Arctic represent sample sizes at either extreme, but

have similar numbers of genes and GO-related cate-

gories. The use of the relative number of genes and the

top-level GO-related categories under selection could

potentially add to metrics for ranking conservation pri-

orities based on the need for the preservation of adap-

tive diversity (Bonin et al. 2007; Gebremedhin et al.

2009). Specifically, the number of genes under selection

provides a numerical ranking of adaptive diversity in

each population akin to species diversity indices,

whereas the GO categories represented by these genes

are more similar to a higher-order taxonomic grouping,

such as genus or family. Therefore, those populations

having the greatest number of unique genes and GO

categories could be argued to deserve the greatest pri-

ority for conservation of adaptive diversity. Although

GO categories are related and hierarchical, these sim-

ple indices are a possible alternative to other schemes

for prioritizing the management of adaptive diversity

(Fraser & Bernatchez 2001; Funk et al. 2012) and

represent genomewide measures of adaptive

divergence that can readily be incorporated into

conservation schemes.

Acknowledgements

The authors would like to thank Drs. N. Alachiotis, C. Dari-

mont, B. Faircloth, Z. Fan, A. Freedman, P. Gugger, T.

G€unther, K.-P. Koepfli, P. Pavlidis and C. Marsden for helpful

discussions concerning methods implementation and data

interpretation within this study, and R. Treadwell for assis-

tance with laboratory work. H. Razzaghi kindly provided the

use of a figure of LIPG. Comments from E. Eskin, K. Lohmuel-

ler, V. Sork and four anonymous reviewers on earlier versions

of this manuscript were valuable. Funding provided to the

authors was as follows: National Science Foundation grants

(DEB-1021397 and OPP-0733033) to JN and RKW, a NSF Grad-

uate Research Fellowship (DGE-1144087, DGE-0707424) and

UCLA Dissertation Year Fellowship to RMS, a doctoral grant

from the Portuguese Science Foundation (FCT, SFRH/BD/

60549/2009) to PS, and an NSERC Discovery Grant to MM.

This work used the Vincent J. Coates Genomics Sequencing

Laboratory at UC Berkeley, supported by NIH S10 Instrumen-

tation Grants S10RR029668 and S10RR027303.

© 2015 John Wiley & Sons Ltd

374 R. M. SCHWEIZER ET AL.



References

Ache BW, Young JM (2005) Olfaction: diverse species, con-

served principles. Neuron, 48, 417–430.
Adzhubei IA, Schmidt S, Peshkin L et al. (2010) A method and

server for predicting damaging missense mutations. Nature

Methods, 7, 248–249.
Akey JM, Ruhe AL, Akey DT et al. (2010) Tracking foot-

prints of artificial selection in the dog genome. Proceedings

of the National Academy of Sciences of the USA, 107, 1160–
1165.

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.
Albert F, Hodges E, Jensen J, Besnier F (2011) Targeted rese-

quencing of a genomic region influencing tameness and

aggression reveals multiple signals of positive selection.

Heredity, 107, 205–214.
Alexander D, Novembre J, Lange K (2009) Fast model-based

estimation of ancestry in unrelated individuals. Genome

Research, 19, 1655.

Allen AP, Brown JH, Gillooly JF (2002) Global biodiversity, bio-

chemical kinetics, and the energetic-equivalence rule. Science,

297, 1545–1548.
Amrine-Madsen H, Koepfli K-P, Wayne RK, Springer MS

(2003) A new phylogenetic marker, apolipoprotein B, pro-

vides compelling evidence for eutherian relationships. Molec-

ular Phylogenetics and Evolution, 28, 225–240.
Anders S, Pyl PT, Huber W (2015) HTSeq–a Python framework

to work with high-throughput sequencing data. Bioinformat-

ics, 31, 166–169.
Anderson TM, Candille SI, Musiani M et al. (2009) Molecular

and evolutionary history of melanism in North American

gray wolves. Science, 323, 1339–1343.
Anderson CA, Pettersson FH, Clarke GM et al. (2010) Data

quality control in genetic case-control association studies.

Nature Protocols, 5, 1564–1573.
Arnold K, Bordoli L, Kopp J, Schwede T (2006) The SWISS-

MODEL workspace: a web-based environment for protein

structure homology modelling. Bioinformatics, 22, 195–201.
Baird N, Etter P, Atwood T et al. (2008) Rapid SNP discovery

and genetic mapping using sequenced RAD markers. PLoS

ONE, 3, e3376.

Barsh G (1996) The genetics of pigmentation: from fancy genes

to complex traits. Trends in Genetics, 12, 299–305.
Bernatchez L, Landry C (2003) MHC studies in nonmodel ver-

tebrates: what have we learned about natural selection in

15 years? Journal of Evolutionary Biology, 16, 363–377.
Bi K, Vanderpool D, Singhal S et al. (2012) Transcriptome-

based exon capture enables highly cost-effective comparative

genomic data collection at moderate evolutionary scales.

BMC Genomics, 13, 403–417.
Bi K, Linderoth T, Vanderpool D et al. (2013) Unlocking the

vault: next-generation museum population genomics. Molecu-

lar Ecology, 22, 6018–6032.
Bigham A, Bauchet M, Pinto D et al. (2010) Identifying signa-

tures of natural selection in Tibetan and Andean populations

using dense genome scan data. PLoS Genetics, 6, e1001116.

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.

Bonin A, Nicole F, Pompanon F, Miaud C, Taberlet P (2007)

Population adaptive index: a new method to help measure

intraspecific genetic diversity and prioritize populations for

conservation. Conservation Biology, 21, 697–708.
Bryan HM, Smits JEG, Koren L et al. (2014) Heavily hunted

wolves have higher stress and reproductive steroids than

wolves with lower hunting pressure. Functional Ecology, 29,

347–356.
Burbano HA, Hodges E, Green RE et al. (2010) Targeted inves-

tigation of the neandertal genome by array-based sequence

capture. Science, 328, 723–725.
Candille SI, Kaelin CB, Cattanach BM et al. (2007) A b-defensin

mutation causes black coat color in domestic dogs. Science,

318, 1418–1423.
Carmichael LE, Krizan J, Nagy JA et al. (2007) Historical and

ecological determinants of genetic structure in arctic canids.

Molecular Ecology, 16, 3466–3483.
Chen J, K€allman T, Ma X et al. (2012a) Disentangling the roles

of history and local selection in shaping clinal variation of

allele frequencies and gene expression in Norway spruce

(Picea abies). Genetics, 191, 865–881.
Chen R, Irwin DM, Zhang Y-P (2012b) Differences in selection

drive olfactory receptor genes in different directions in dogs

and wolf. Molecular Biology and Evolution, 29, 3475–3484.
Choi Y, Sims GE, Murphy S, Miller JR, Chan AP (2012) Predict-

ing the functional effect of amino acid substitutions and

indels. PLoS ONE, 7, e46688.

Cock PJA, Antao T, Chang JT et al. (2009) Biopython: freely

available Python tools for computational molecular biology

and bioinformatics. Bioinformatics, 25, 1422–1423.
Cong L, Ran FA, Cox D et al. (2013) Multiplex genome engi-

neering using CRISPR/Cas systems. Science, 339, 819–823.
Coop G, Witonsky D, Di Rienzo A, Pritchard JK (2010) Using

environmental correlations to identify loci underlying local

adaptation. Genetics, 185, 1411–1423.
Coulson T, Macnulty DR, Stahler DR et al. (2011) Modeling

effects of environmental change on wolf population dynam-

ics, trait evolution, and life history. Science, 334, 1275–1278.
Crisci JL, Poh Y-P, Mahajan S, Jensen JD (2013) The impact of

equilibrium assumptions on tests of selection. Frontiers in

Genetics, 4, 1–7.
Danecek P, Auton A, Abecasis G et al. (2011) The variant call

format and VCFtools. Bioinformatics, 27, 2156–2158.
DePristo M, Banks E, Poplin R, Garimella K (2011) A frame-

work for variation discovery and genotyping using next-

generation DNA sequencing data. Nature Genetics, 43, 491–
498.

Dionne M, Miller KM, Dodson JJ, Caron F, Bernatchez L (2007)

Clinal variation in MHC diversity with temperature: evi-

dence for the role of host–pathogen interaction on local

adaptation in Atlantic salmon. Evolution, 61, 2154–2164.
Diz AP, Mart�ınez-Fern�andez M, Rol�an-Alvarez E (2012) Pro-

teomics in evolutionary ecology: linking the genotype with

the phenotype. Molecular Ecology, 21, 1060–1080.
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.
Dreyer B, Tranebjærg L, Rosenberg T et al. (2000) Identification

of novel USH2A mutations: implications for the structure of

USH2A protein. European Journal of Human Genetics, 8, 500–
506.

© 2015 John Wiley & Sons Ltd

TARGETED CAPTURE RESEQUENCING IN GREY WOLVES 375



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. The Journal of Clinical Investiga-

tion, 119, 1042–1050.
Fagny M, Patin E, Enard D et al. (2014) Exploring the occur-

rence of classic selective sweeps in humans using whole-gen-

ome sequencing data sets. Molecular Biology and Evolution, 31,

1850–1868.
Faircloth BC (2015) Illumina TruSeq library prep for target enrich-

ment. Available from http://ultraconserved.org (accessed 10

March 2013).

Faircloth BC, Glenn TC (2012) Not all sequence tags are created

equal: designing and validating sequence identification tags

robust to indels. PLoS ONE, 7, e42543.

Falush D, Stephens M, Pritchard JK (2003) Inference of popula-

tion structure using multilocus genotype data: linked loci

and correlated allele frequencies. Genetics, 164, 1567–1587.
Farese RV, Ruland SL, Flynn LM, Stokowski RP, Young SG

(1995) Knockout of the mouse apolipoprotein B gene results

in embryonic lethality in homozygotes and protection

against diet-induced hypercholesterolemia in heterozygotes.

Proceedings of the National Academy of Sciences of the USA, 92,

1774–1778.
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.
Fraser DJ, Bernatchez L (2001) Adaptive evolutionary conserva-

tion: towards a unified concept for defining conservation

units. Molecular Ecology, 10, 2741–2752.
Freedman AH, Gronau I, Schweizer RM et al. (2014) Genome

sequencing highlights the dynamic early history of dogs

(L Andersson, Ed). PLoS Genetics, 10, e1004016.

Fu W, O’Connor TD, Jun G et al. (2012) Analysis of 6,515

exomes reveals the recent origin of most human protein-cod-

ing variants. Nature, 493, 216–220.
Funk WC, McKay JK, Hohenlohe PA, Allendorf FW (2012)

Harnessing genomics for delineating conservation units.

Trends in Ecology & Evolution, 27, 489–496.
Gasteiger E (2003) ExPASy: the proteomics server for in-depth

protein knowledge and analysis. Nucleic Acids Research, 31,

3784–3788.
Gebremedhin B, Ficetola GF, Naderi S et al. (2009) Frontiers in

identifying conservation units: from neutral markers to adap-

tive genetic variation. Animal Conservation, 12, 107–109.
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.
Gilad Y, Bustamante CD, Lancet D, P€a€abo S (2003) Natural

selection on the olfactory receptor gene family in humans

and chimpanzees. American Journal of Human Genetics, 73,

489–501.
Gilg O, Kovacs KM, Aars J et al. (2012) Climate change and the

ecology and evolution of Arctic vertebrates. Annals of the

New York Academy of Sciences, 1249, 166–190.
Gipson P, Bangs E, Bailey T et al. (2002) Color patterns among

wolves in western North America. Wildlife Society Bulletin,

30, 821–830.
Gnirke A, Melnikov A, Maguire J et al. (2009) Solution

hybrid selection with ultra-long oligonucleotides for mas-

sively parallel targeted sequencing. Nature Biotechnology, 27,

182–189.

Grant CE, Bailey TL, Noble WS (2011) FIMO: scanning for

occurrences of a given motif. Bioinformatics, 27, 1017–1018.
Gray MM, Granka JM, Bustamante CD et al. (2009) Linkage

disequilibrium and demographic history of wild and domes-

tic canids. Genetics, 181, 1493–1505.
Griffith-Jones SG (2004) The microRNA registry. Nucleic Acids

Research, 32, 109–111.
Gronau I, Hubisz MJ, Gulko B, Danko CG, Siepel A (2011)

Bayesian inference of ancient human demography from indi-

vidual genome sequences. Nature Genetics, 43, 1031–1034.
Grossman S, Shylakhter I, Karlsson E et al. (2010) A composite

of multiple signals distinguishes causal variants in regions of

positive selection. Science, 327, 879–883.
Guernier V, Hochberg ME, Gu�egan J-F (2004) Ecology drives

the worldwide distribution of human diseases. PLoS Biology,

2, e141.

Haasl RJ, Payseur BA (2015) Fifteen years of genomewide

scans for selection: trends, lessons and unaddressed genetic

sources of complication. Molecular Ecology, 25, 5–23.
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 of the USA, 107, 8924.

Hebert FO, Renaut S, Bernatchez L (2013) Targeted sequence

capture and resequencing implies a predominant role of reg-

ulatory regions in the divergence of a sympatric lake white-

fish species pair (Coregonus clupeaformis). Molecular Ecology,

22, 4896–4914.
Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A (2005)

Very high resolution interpolated climate surfaces for glo-

bal land areas. International Journal of Climatology, 25, 1965–
1978.

Hilton C, Neville MJ, Karpe F (2012) MicroRNAs in adipose

tissue: their role in adipogenesis and obesity. International

Journal of Obesity, 37, 325–332.
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 (2006) Genetics, development and evolution of

adaptive pigmentation in vertebrates. Heredity, 97, 222–234.
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.
Hume AN, Tarafder AK, Ramalho JS, Sviderskaya EV, Sea-

bra MC (2006) A coiled-coil domain of melanophilin is

essential for Myosin Va recruitment and melanosome

transport in melanocytes. Molecular Biology of the Cell, 17,

4720–4735.
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.
Jolicoeur P (1959) Multivariate geographical variation in the

wolf Canis lupus L. Evolution, 13, 283–299.
Jones MR, Good JM (2015) Targeted capture in evolutionary

and ecological genomics. Molecular Ecology, 25, 185–202.
Kaelin CB, Barsh GS (2013) Genetics of pigmentation in dogs

and cats. Annual Review of Animal Biosciences, 1, 125–156.

© 2015 John Wiley & Sons Ltd

376 R. M. SCHWEIZER ET AL.

http://ultraconserved.org


Kang HM, Sul JH, Service SK et al. (2010) Variance component

model to account for sample structure in genome-wide asso-

ciation studies. Nature Genetics, 42, 348–354.
Kass RE, Raftery AE (1995) Bayes factors. Journal of the Ameri-

can Statistical Association, 90, 773–795.
Kearse M, Moir R, Wilson A et al. (2012) Geneious Basic: an

integrated and extendable desktop software platform for the

organization and analysis of sequence data. Bioinformatics,

28, 1647–1649.
Keller A, Vosshall L (2008) Better smelling through genetics:

mammalian odor perception. Current Opinion in Neurobiology,

18, 364–369.
Keller A, Zhuang H, Chi Q, Vosshall LB, Matsunami H (2007)

Genetic variation in a human odorant receptor alters odour

perception. Nature, 449, 468–472.
Kennedy LJ, Angles JM, Barnes A et al. (2007) DLA-DRB1,

DQA1, and DQB1 alleles and haplotypes in North American

gray wolves. Journal of Heredity, 98, 491–499.
Kolditz CI, Paboeuf G, Borthaire M et al. (2008) Changes

induced by dietary energy intake and divergent selection for

muscle fat content in rainbow trout (Oncorhynchus mykiss),

assessed by transcriptome and proteome analysis of the

liver. BMC Genomics, 9, 506.

Kurtz S, Narechania A, Stein JC, Ware D (2008) A new

method to compute K-mer frequencies and its application

to annotate large repetitive plant genomes. BMC Genomics,

9, 517.

Le Duc D, Renaud G, Krishnan A et al. (2015) Kiwi genome

provides insights into evolution of a nocturnal lifestyle. Gen-

ome Biology, 16, 1–15.
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.
Leonard JA, Vil�a C, Wayne RK (2005) Legacy lost: genetic vari-

ability and population size of extirpated US grey wolves

(Canis lupus). Molecular Ecology, 14, 9–17.
Lewandoski M (2001) Conditional control of gene expression

in the mouse. Nature Reviews Genetics, 2, 743–755.
Li WD, Reed DR, Lee J-H et al. (1999) Sequence variants in the

50 flanking region of the leptin gene are associated with obe-

sity in women. Annals of Human Genetics, 63, 227–234.
Li H-D, Menon R, Omenn GS, Guan Y (2014) The emerging

era of genomic data integration for analyzing splice isoform

function. Trends in Genetics, 30, 340–347.
Liu S, Lorenzen ED, Fumagalli M et al. (2014) Population geno-

mics reveal recent speciation and rapid evolutionary adapta-

tion in polar bears. Cell, 157, 785–794.
Lotterhos KE, Whitlock MC (2014) Evaluation of demographic

history and neutral parameterization on the performance of

FST outlier tests. Molecular Ecology, 23, 2178–2192.
Lyons PJ, Lang-Ouellette D, Morin PJ (2013) CryomiRs:

towards the identification of a cold-associated family of

microRNAs. Comparative Biochemistry and Physiology, Part D:

Genomics and Proteomics, 8, 358–364.
MacNulty DR, Smith DW, Mech LD, Eberly LE (2009) Body

size and predatory performance in wolves: is bigger better?

The Journal of Animal Ecology, 78, 532–539.
Mahlstein I, Knutti R (2012) September Arctic sea ice predicted

to disappear near 2°C global warming above present. Journal

of Geophysical Research, 117, D06104.

Mamm�es O, Betoulle D, Aubert R et al. (1998) Novel polymor-

phisms in the 50 region of the LEP gene: association with lep-

tin levels and response to low-calorie diet in human obesity.

Diabetes, 47, 487–489.
Manichaikul A, Mychaleckyj JC, Rich SS et al. (2010) Robust

relationship inference in genome-wide association studies.

Bioinformatics, 26, 2867–2873.
Marsden CD, Ortega-Del Vecchyo D, O’Brien DP et al.

(accepted) Bottlenecks and selective sweeps during domes-

tication have increased deleterious genetic variation in

dogs. Proceedings of the National Academy of Sciences of the

USA.

McLaren W, Pritchard B, Rios D et al. (2010) Deriving the con-

sequences of genomic variants with the Ensembl API and

SNP effect predictor. Bioinformatics, 26, 2069–2070.
Mech LD (2004) Is climate change affecting wolf populations in

the high arctic? Climatic Change, 67, 87–93.
Miyata T, Miyazawa S, Yasunaga T (1979) Two types of amino

acid substitutions in protein evolution. Journal of Molecular

Evolution, 12, 219–236.
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, Paquet PC (2004) The practices of wolf persecution,

protection, and restoration in Canada and the United States.

BioScience, 54, 50–60.
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.
Nakamura M, Tobin DJ, Richards-Smith B, Sundberg JP, Paus R

(2002) Mutant laboratory mice with abnormalities in pigmenta-

tion: annotated tables. Journal of Dermatological Science, 28, 1–33.
Ng PC, Henikoff S (2003) SIFT: predicting amino acid changes

that affect protein function. Nucleic Acids Research, 31, 3812–
3814.

Ng SB, Turner EH, Robertson PD et al. (2009) Targeted capture

and massively parallel sequencing of 12 human exomes. Nat-

ure, 461, 272–276.
Nielsen R, Williamson SH, Kim Y et al. (2005) Genomic scans

for selective sweeps using SNP data. Genome Research, 15,

1566–1575.
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.
Nielsen R, Korneliussen T, Albrechtsen A, Li Y, Wang J (2012)

SNP calling, genotype calling, and sample allele frequency

estimation from new-generation sequencing data. PLoS ONE,

7, e37558.

Nolan DK, Sutton B, Haynes C et al. (2012) Fine mapping of a

linkage peak with integration of lipid traits identifies novel

coronary artery disease genes on chromosome 5. BMC Genet-

ics, 13, 12.

Ohkura T, Taniguchi S-I, Yamada K et al. (2004) Detection of

the novel autoantibody (anti-UACA antibody) in patients

with Graves’ disease. Biochemical and Biophysical Research

Communications, 321, 432–440.
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.

© 2015 John Wiley & Sons Ltd

TARGETED CAPTURE RESEQUENCING IN GREY WOLVES 377



Osborne AJ, Pearson J, Negro SS et al. (2015) Heterozygote

advantage at MHC DRB may influence response to infectious

disease epizootics. Molecular Ecology, 24, 1419–1432.
Parker J, Tsagkogeorga G, Cotton JA et al. (2013) Genome-wide

signatures of convergent evolution in echolocating mammals.

Nature, 502, 228–231.
Pavlidis P, Zivkovic D, Stamatakis A, Alachiotis N (2013)

SweeD: likelihood-based detection of selective sweeps in

thousands of genomes. Molecular Biology and Evolution, 30,

2224–2234.
Perry GH (2014) The promise and practicality of population

genomics research with endangered species. International

Journal of Primatology, 35, 55–70.
Pilot M, Greco C, vonHoldt BM et al. (2014) Genome-wide sig-

natures of population bottlenecks and diversifying selection

in European wolves. Heredity, 112, 428–442.
Pritchard JK, Stephens M, Donnelly P (2000) Inference of popu-

lation structure using multilocus genotype data. Genetics,

155, 945–959.
Purcell S, Neale B, Todd-Brown K et al. (2007) PLINK: a tool

set for whole-genome association and population-based link-

age analyses. American Journal of Human Genetics, 81, 559–
575.

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.

Quignon P, Giraud M, Rimbault M et al. (2005) The dog and

rat olfactory receptor repertoires. Genome Biology, 6, R83.

Quinlan AR, Hall IM (2010) BEDTools: a flexible suite of utili-

ties for comparing genomic features. Bioinformatics, 26, 841–
842.

Razzaghi H, Tempczyk-Russell A, Haubold K et al. (2013)

Genetic and structure-function studies of missense mutations

in human endothelial lipase. PLoS ONE, 8, e55716.

Reimand J, Kull M, Peterson H, Hansen J, Vilo J (2007) g:Pro-

filer–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.

Reinhardt JA, Kolaczkowski B, Jones CD, Begun DJ, Kern AD

(2014) Parallel geographic variation in Drosophila melanoga-

ster. Genetics, 197, 361–373.
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.
Scheinfeldt LB, Tishkoff SA (2013) Recent human adaptation:

genomic approaches, interpretation and insights. Nature

Reviews Genetics, 14, 692–702.
Schweizer RM, vonHoldt BM, Harrigan R et al. (2015) Genetic

subdivision and candidate genes under selection in North

American gray wolves. Molecular Ecology. doi: 10.1111/

mec.13364.

Shen W (2001) Foxa3 (hepatocyte nuclear factor 3gamma) is

required for the regulation of hepatic GLUT2 expression and

the maintenance of glucose homeostasis during a prolonged

fast. Journal of Biological Chemistry, 276, 42812–42817.
Siepel A, Bejerano G, Pedersen J et al. (2005) Evolutionarily

conserved elements in vertebrate, insect, worm, and yeast

genomes. Genome Research, 15, 1034.

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.
Staples J, Nickerson DA, Below JE (2012) Utilizing graph the-

ory to select the largest set of unrelated individuals for

genetic analysis. Genetic Epidemiology, 37, 136–141.
Storey KB (2015) Regulation of hypometabolism: insights into

epigenetic controls. The Journal of Experimental Biology, 218,

150–159.
Stranger BE, Stahl EA, Raj T (2011) Progress and promise of

genome-wide association studies for human complex trait

genetics. Genetics, 187, 367–383.
Sturm RA, Duffy DL (2012) Human pigmentation genes under

environmental selection. Genome Biology, 13, 248.

Tewhey R, Nakano M, Wang X et al. (2009) Enrichment of

sequencing targets from the human genome by solution

hybridization. Genome Biology, 10, R116.

Thornton KR, Jensen JD (2007) Controlling the false-positive

rate in multilocus genome scans for selection. Genetics, 175,

737.

Wabakken P, Sand H, Kojola I et al. (2007) Multistage, long-

range natal dispersal by a global positioning system-collared

Scandinavian wolf. The Journal of Wildlife Management, 71,

1631–1634.
Wagner JL, Burnett RC, DeRose SA, Storb R (1996) Molecular

analysis and polymorphism of DLA-DQA gene. Tissue Anti-

gens, 48, 199–204.
Wall JD, Cox MP, Mendez FL et al. (2008) A novel DNA

sequence database for analyzing human demographic his-

tory. Genome Research, 18, 1354–1361.
Wenzel MA, Piertney SB (2014) Fine-scale population epige-

netic structure in relation to gastrointestinal parasite load in

red grouse (Lagopus lagopus scotica). Molecular Ecology, 23,

4256–4273.
White TA, Perkins SE, Heckel G, Searle JB (2013) Adaptive

evolution during an ongoing range expansion: the invasive

bank vole (Myodes glareolus) in Ireland. Molecular Ecology, 22,

2971–2985.
Williamson SH, Hubisz MJ, Clark AG et al. (2007) Localizing

recent adaptive evolution in the human genome. PLoS Genet-

ics, 3, e90.

Wu C-W, Biggar KK, Storey KB (2013) Dehydration mediated

microRNA response in the African clawed frog Xenopus lae-

vis. Gene, 529, 269–275.
Xie X, Lu J, Kulbokas EJ et al. (2005) Systematic discovery of

regulatory motifs in human promoters and 30 UTRs by com-

parison of several mammals. Nature, 434, 338–345.
Xu L, Panel V, Ma X et al. (2013) The winged helix transcrip-

tion factor Foxa3 regulates adipocyte differentiation and

depot-selective fat tissue expansion. Molecular and Cellular

Biology, 33, 3392–3399.
Yamada K, Senju S, Nakatsura T et al. (2001) Identification of a

novel autoantigen UACA in patients with panuveitis. Bio-

chemical and Biophysical Research Communications, 280, 1169–
1176.

Young SG (1990) Recent progress in understanding apolipopro-

tein B. Circulation, 82, 1574–1594.
Zaragosi L-E, Wdziekonski B, Le Brigand K et al. (2011) Small

RNA sequencing reveals miR-642a-3p as a novel adipocyte-

specific microRNA and miR-30 as a key regulator of human

adipogenesis. Genome Biology, 12, R64.

© 2015 John Wiley & Sons Ltd

378 R. M. SCHWEIZER ET AL.

http://dx.doi.org/10.1111/mec.13364
http://dx.doi.org/10.1111/mec.13364


Zhang W, Fan Z, Han E et al. (2014) Hypoxia adaptations in

the grey wolf (Canis lupus chanco) from Qinghai-Tibet Pla-

teau. PLoS Genetics, 10, e1004466.

R.M.S., J.A.R., R.H., P.S., M.G., M.M., R.E.G., J.N. and

R.K.W. designed research. R.M.S., J.A.R., R.H., P.S. and

M.G. performed research. P.S., M.M. and R.E.G. con-

tributed new reagents or analytical tools. R.M.S., R.H.,

R.E.G., J.N. and R.K.W. analysed the data. R.M.S. and

R.K.W. wrote the manuscript.

Data accessibility

Sequence reads and mapping files are archived at the

NCBI SRA under SRP065570. The variants file and sam-

ple information (locations, climate data, phenotype)

have been uploaded with data analysis results files to

Dryad (doi: 10.5061/dryad.8g0s3).

Supporting information

Additional supporting information may be found in the online ver-

sion of this article.

Appendix S1 Supplemental methods for sample processing

and candidate gene descriptions.

Fig. S1 Mean depth of coverage of neutral and genic capture

regions for each wolf sampled on the capture array.

Fig. S2 Significantly enriched gene ontology (GO) categories

containing genes with functional variants as annotated by Vari-

ant Effect Predictor, SIFT, and our TFBS databases (see methods

for details).

Fig. S3 Significantly enriched human phenotype (hp) categories

containing genes with functional variants as annotated by Vari-

ant Effect Predictor, SIFT, and our TFBS databases (see methods

for details).

Fig. S4 Manhattan plot of the SWEED composite likelihood

ratio (CLR) score for each genic position within West Forest

wolves.

Fig. S5 Manhattan plot of the SWEED composite likelihood

ratio (CLR) score for each genic position within Boreal Forest

wolves.

Fig. S6 Manhattan plot of the SWEED composite likelihood

ratio (CLR) score for each genic position within Arctic

wolves.

Fig. S7 Manhattan plot of the SWEED composite likelihood

ratio (CLR) score for each genic position within High Arctic

wolves.

Fig. S8 Manhattan plot of the SWEED composite likelihood

ratio (CLR) score for each genic position within British

Columbia wolves.

Fig. S9 Manhattan plot of the SWEED composite likelihood

ratio (CLR) score for each genic position within Atlantic For-

est wolves.

Fig. S10 Significantly enriched gene ontology (GO) categories

containing genes with significant (P ≤ 0.01) outliers from

SWEED.

Fig. S11 Significantly enriched human phenotype (hp) cate-

gories containing genes with significant (P ≤ 0.01) outliers

from SWEED.

Fig. S12 Unfolded site frequency spectra (SFS) for neutral,

genic, 0-fold degenerate, 4-fold degenerate, and selective

sweep sites in (A) West Forest, (B) Boreal Forest, (C) Arctic,

(D) High Arctic, (E) British Columbia, and (F) Atlantic Forest

ecotypes.

Fig. S13 Significantly enriched human phenotype (hp) cate-

gories containing genes with significant (P < 0.005) outliers

from BAYENV.

Fig. S14 Venn diagram showing overlap between candidate

genes from SWEED, BAYESCAN, and BAYENV at two significance

thresholds (top, red is P ≤ 0.01; bottom, blue is P ≤ 0.05).

Fig. S15 Venn diagram showing overlap between candidate

genes from SNP array and capture array for each selection

test.

Fig. S16 Protein alignments between human and dog for (A)

APOB, (B) LIPG, and (C) USH2A.

Fig. S17 Correlation of allele frequency of missense TYR

with wolf coat color.

Table S1 List of genes, gene names, and their references, for

60 a priori candidate genes.

Table S2 Summary statistics and number of positions within

genic and neutral regions.

Table S3 Genotype concordance between Affymerix SNP array

and resequencing data.

Table S4 Pearson’s correlation between maximum test statistic

and gene length within SWEED and BAYENV.
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