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Abstract

North America is currently home to a number of grey wolf (Canis lupus) and wolf-like canid
populations, including the coyote (Canis latrans) and the taxonomically controversial red,
Eastern timber and Great Lakes wolves. We explored their population structure and regional
gene flow using a dataset of 40 full genome sequences that represent the extant diversity of
North American wolves and wolf-like canid populations. This included 15 new genomes (13
North American grey wolves, 1 red wolf and 1 Eastern timber/Great Lakes wolf), ranging
from 0.4 to 15x coverage. In addition to providing full genome support for the previously pro-
posed coyote-wolf admixture origin for the taxonomically controversial red, Eastern timber
and Great Lakes wolves, the discriminatory power offered by our dataset suggests all North
American grey wolves, including the Mexican form, are monophyletic, and thus share a
common ancestor to the exclusion of all other wolves. Furthermore, we identify three distinct
populations in the high arctic, one being a previously unidentified “Polar wolf” population
endemic to Ellesmere Island and Greenland. Genetic diversity analyses reveal particularly
high inbreeding and low heterozygosity in these Polar wolves, consistent with long-term iso-
lation from the other North American wolves.
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Author summary

Full genome sequencing is becoming an increasingly valuable tool for both the manage-
ment of animal populations, as well as fundamental to improving our understanding of
their evolutionary history. The grey wolf (Canis lupus) is a keystone species in North
America whose population structure and admixture has yet to be fully investigated in this
way. We compiled a dataset of 40 full genomes spanning their total geographic range on
the continent. In addition to confirming general population structure among them and
previous reports of admixed origins for several wolf-like canid species, we identify three
particularly interesting groups: two in Arctic Canada and one novel “Polar wolf” popula-
tion on Ellesmere Island and Greenland. The particularly low genetic diversity of the
Polar wolves suggests a small and isolated population. Overall we provide new informa-
tion of relevance for the future management of wolves in Arctic Canada and Greenland.

Introduction

Grey wolves (Canis lupus) currently occupy a wide range of habitats across North America,
including the tundra, taiga, desert, plain, and boreal forest. Analysing ~40-50,000 SNPs from
genotype arrays, the hitherto most comprehensive studies have identified seven North Ameri-
can grey wolf populations and ecotypes, which are referred to as West Forest, Boreal Forest,
Arctic, High Arctic, British Columbia, Atlantic Forest, and Mexican wolves [1,2]. While this
represents a major step forward in terms of describing the population structure, much remains
to be learned. For example, nuclear DNA-based studies remain to include the full range of
North American continental populations, omitting, for example, the Greenland wolves,
despite mitochondrial DNA evidence suggesting it might represent an isolated population [3].
Furthermore, previous nuclear-DNA (nuDNA) based studies analysed SNP markers that were
initially identified in the domestic dog (C. I. familiaris) [1,2]. Although dogs and wolves are
closely related, phylogenetic analyses based on their nuclear genomes show that dogs are a dis-
tinct monophyletic clade within wolves [4-6]. Therefore, dog-ascertained markers may not be
able to reveal the full genetic structure of wolves, and underestimate their true genetic diversity
(7].

Outstanding questions also pertain to the taxonomic status of the North American wolf-
like canids. These include the Southeastern red wolf (C. rufus or C. L. rufus) (subsequently
referred to as the red wolf), as well as the Northeastern groups that are frequently referred to as
Eastern timber wolves, Eastern wolves, Algonquin wolves or Great Lakes wolves (C. lycaon or
C. I lycaon) (subsequently referred to as the ‘Eastern timber/Great Lakes wolf’). While recent
studies of both SNP-chip and whole genome resequencing data have shown that the genetic
makeup of modern C. I. rufus and C. . lycaon can be explained through admixture of various
grey wolf and coyote populations [1,8,9], others argue for the possibility of a cryptic third
ancestral canid species [10-12], sparking debate within the field of a two versus three species
origin of C. L. rufus and C. . lycaon [1,8,9,11-16]. Given this debate the definition and integrity
of C. I. rufus and C. I. lycaon remains interesting, and clearly requires more research before the
scientific community can agree on a fulfilling explanation for their origin and evolution.

In light of the above, we undertook an analysis of the genomic structure in, and admixture
among, the full range of extant North American grey wolves, coyotes and wolf-like canids, by
mapping the hitherto largest dataset of nuclear genome sequences against a de novo assembled
wolf reference genome sequence [7]. To specifically test if wolves in Greenland are a unique
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population, and if the here analysed large genome data set potentially could bring further
insight into the evolution of North American wolf like canids.

Results
Alignment, quality control and calling of genotype likelihoods

We generated resequencing data from 15 new canid samples, representing 13 North American
grey wolves, one red wolf and one Eastern timber/Great Lakes wolf. Between 56 and 400 mil-
lion paired end reads were generated per sample. After quality control, including removal of
adapters, discarding of low quality reads and removal of duplicates, these reads were aligned to
the de novo wolf reference genome [7], which resulted, for most of the samples, in depth of
coverage between 3.8-15.3x. The exception being the ‘Krummelangse’ wolf from Greenland,
with coverage of only 0.4x. We complemented this dataset with 25 previously published sam-
ples, all of which were re-mapped following our mapping pipeline and yielded genomes with
coverages of 2.1-26.4x. Additional details for the samples can be found in supplementary S1
Table.

The error rates estimated for the different samples (S1 Table and S1 Fig) were estimated in
ANGSD [17], using the ‘Daneborg’” Greenland wolf sample as the “error-free” model sample
and the ‘Golden Jackal’ as the outgroup. For the newly sequenced samples the error rates ran-
ged between 0.039-0.076%, except for the ‘Krummelangse’ Greenland wolf whose error rate
was 0.146%, consistent with lower sequencing coverage. We also noted elevated error rates in
the data from several of the previously published samples (0.146%-0.636%), including three
coyote samples (‘Illinois’, ‘Quebec’ and ‘Alabama’), the ‘Red wolf 2’ sample, and the wolves
‘Eurasia 3’ and “Yellowstone 1’. Because error rates can affect the results of some analyses, for
example the terminal branch lengths estimated using Treemix, they must be considered when
drawing conclusions from the results.

Structure and admixture

When inferring ancestry clusters using admixture, with two ancestry clusters (K = 2), all sam-
ples split into two separate clusters representing the grey wolf-like and coyote-like (S2 Fig).
When the number of clusters is increased to three (K = 3), the grey wolves subdivide into one
cluster represented by Polar wolves, and a second cluster represented by Eurasian, Mexican
and Pacific wolves. All other wolf lineages derive from these two clusters. At K = 4, the red
wolves split from coyotes, and at K = 5, Eastern timber/Great Lakes wolves form their own
cluster (Fig 1A), while the wolves remain as two additional clusters, one containing the Eur-
asian, Yellowstone, Mexican and Pacific wolves, and the other represented by the East Arctic,
West Arctic and Polar wolves. The remaining wolves are mostly represented as a combination
of ancestries from these two wolf clusters. However, some wolves showed low levels of shared
ancestry with the other three non-grey-wolf clusters. As we increased the number of clusters to
K =15 (Fig 1A), a pattern emerged that is consistent with both the results of the phylogenetic
reconstruction and the PCA, making us choose K = 15 at the upper justifiable number of
ancestry clusters. Grey wolves split into 9 clusters, each identifying a population of North
American wolves, specifically: (1) Mexican, (2) Pacific, (3) Yellowstone, (4) Central, (5) Alas-
kan, and (6) Atlantic wolves, as well as three groups from the high Arctic, namely (7) West
Arctic (representing the Banks and Victoria Islands), (8) East Arctic (representing the Baffin
Islands), and (9) Polar (representing Ellesmere Island and Greenland). The (10) red wolves,
(11) coyotes and (12) Eurasian wolves each grouped into separate clusters, while individuals
from (13) the Algonquin Provincial Park formed a cluster that is henceforth referred to as to as
Eastern timber wolves. The samples from (14) Isle Royale National Park and Minnesota
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Fig 1. Population structure of North American wolves and wolf-like canids. A) Ancestry proportions estimated using NGSadmix for K = 5 and K = 15 clusters. B)
Astral phylogeny of the 40 samples in the study, plotted to coincide with the admixture plot above, with the local posterior probabilities, computed in Astral, shown at
the nodes. C) Principal component analysis of grey wolf individuals identified in the data, with colours matched to cluster assignment in the admixture plot.
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formed a cluster referred to as Great Lakes wolves, that is closely related to the Eastern timber
wolves. The final cluster (15) contained the ‘Golden Jackal’ outgroup.

Phylogenetic reconstruction based on 40 nuclear genomes (Fig 1B and S3 Fig) revealed
three major clades: one containing the ‘Golden Jackal” outgroup, a second containing the red
wolves and coyotes, and a third containing all grey wolves together with Eastern timber/Great
Lakes wolves. These observations of affinity between red wolves and coyotes, and Eastern tim-
ber/Great Lakes wolves alongside grey wolves, were also supported by the admixture, Treemix
and D-statistics. Within the wolf clade, we observed Old and New World wolves to be recipro-
cally monophyletic, and within the New World grey wolves, we found the Mexican wolves to
be the most divergent from all others. Although we note that (i) the overall phylogenetic rela-
tionships between the golden jackal, coyotes and grey wolves, and (ii) the divergence of Mexi-
can from other New World wolves, were recovered in a previous nuDNA-based analysis [4],
the inclusion of additional North American samples improved the resolution of these relation-
ships. Specifically, it was noted that after the aforementioned basal divergence of Mexican, Yel-
lowstone and Pacific wolves, the remaining North American populations formed a
monophyletic clade. Surprisingly, the 2 individuals identified as Central wolves did not form a
clade; the Saskatchewan individual was basal to the one from Qamanirjuaq Lake (Nunavut),
which in turn was sister group to the remaining Arctic and Polar wolves. However, the posi-
tion of the Qamanirjuaq individual is only poorly supported. Given that admixture and PCA
analyses indicate that its genetic background is largely similar to the Saskatchewan individual,
we believe its phylogenetic placement is likely the result of gene flow from other Northern wolf
populations. We caution, however, that any conclusions drawn from the phylogenetic tree
must be tempered by the large amounts of allele sharing observed in the population genomic
analyses (D-statistics, Admixture and Treemix). Further, the amount of incomplete lineage
sorting between the different wolf populations that relates to their recent divergence from each
other, suggests that several equally likely alternative placements exist for many of these nodes
(S3 Fig).

Principal component analyses were used to project the SNP variation of the wolves in two
dimensions (Fig 1C, 54 Fig and S5 Fig). The wolf diversity expressed in PC1 vs. PC2 (variance
explained 9.26-7.76%), and PC3 vs PC4 (variance explained 6.92-6.82%) (Fig 1C) clearly
showed a signal that correlates with the geographical distribution of samples running North-
South and East-West. Polar, Pacific and Atlantic wolves exhibited highest variation in PC1 and
PC2. Furthermore, Polar and East Arctic wolves were also clearly distinct in PC3 and PC4.
The grouping of individuals was congruent with the clusters identified by NGSadmix [18], and
the tree topology delineated in the phylogenetic reconstruction.

Evidence of gene flow among the North American canids was obtained from the D-statistic
analyses on the genomes (S6 Fig and S7 Fig). A test of coyote ancestry among the different
North American canids (S6 Fig) revealed that all North American wolf-like canid populations
had a significant, but varying, degree of coyote ancestry, consistent with previously published
findings [8,9]. Specifically, the highest levels of coyote ancestry were observed in the red
wolves, and somewhat lower levels were found in the Eastern timber/Great Lakes wolves. Low-
est, although still identifiable, values were observed in the Mexican and the Atlantic wolves.
Our expanded dataset also enabled testing for gene flow between North American and Eur-
asian wolves. The results indicated gene flow between the East Siberian (Chukchi) wolf ‘Eur-
asia 2’ and the Alaskan wolves, consistent with their geographic proximity (S7 Fig).

Treemix analyses (S8 Fig, S9 Fig and S10 Fig) yielded results that were consistent with the
phylogenetic reconstruction (Fig 1B and S3 Fig), with migration events indicating allele shar-
ing between the wolf-like canids, and likely shared coyote ancestry in the Yellowstone, Mexi-
can and Pacific wolves.
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Using admixture graphs (Fig 2), we modelled the genomic makeup of red, Eastern timber
and Great Lakes wolves, as composed of genomic variation found in North American grey
wolves and coyotes. When using admixture graphs (Fig 3) and (S11 Fig) to investigate the rela-
tionships between Eurasian, Mexican and other North American wolves, the best fitting graph
(Z = -0,556) assigns Eurasian wolves as sister to all North American wolves, with the Mexican
wolf sister to other American wolves, containing considerable coyote introgression. The most
parsimonious explanation for this outcome is that all extant North American grey wolves
descend from the same ancestral wolf diversity, although whether this ancestral “population”
had colonised the North American continent prior to, or post (possibly on multiple occasions)
the divergence between Mexican and other North American wolves remains a open question.

We used 4 ratios to investigate proportion of coyote and grey wolf ancestries in the North
American wolf-like canids, setting aside the Polar wolf (‘Daneborg’) and coyote (‘Mexico’) as ref-
erences (Fig 4A). These samples were chosen based on their respective distance to the coyote or
wolf cluster in the PCA (54 Fig), which suggests they may represent the “purest” examples of coy-
ote and North American wolf in our dataset. The f4 ratio estimates showed that the coyotes from
Alabama, California, Quebec and Alaska harbour negligible wolf ancestry, while those from Mis-
souri, Illinois and Florida contained between 5-10% wolf ancestry. Much higher levels of wolf ver-
sus coyote admixture were observed in red wolves (40%:60%), the Eastern timber wolves
(60%:40%), and the Great Lakes wolves (75%:25%). Within wolves, coyote ancestry was highest in
the Mexican wolves and the Atlantic Coast wolves (10%), followed by the Pacific Coast and Yel-
lowstone wolves (~5%). The wolves from the Canadian archipelago showed less than 3% coyote
ancestry. The higher than 100% combined admixture proportions estimated for the wolf ‘Alaska
I, likely result from the tree configuration, with the ‘Eurasia 1’ wolf being a fixed member of the
quartets used to compute the admixture proportions and indicate Eurasian wolf gene flow into
‘Alaska 1’, something also supported by D-statistics (S7 Fig). The admixture proportion estimates
do not need to add up to 100% because they are estimated separately for the ‘Daneborg’ wolf and
the ‘Mexico’ coyote component. Nevertheless, nearly all estimates summed up to 100%, indicating
that most samples can be modelled as a mixture between just two components, the wolf and the
coyote. f3 statistics were also computed to assess the affinity of the various North American wolf-
like canids to the ‘Daneborg’ Polar wolf. As expected from their geographic proximities, wolves
from the Canadian Arctic archipelago displayed the highest affinity (Fig 4B), while the amount
decreased in populations from further West and South. Furthermore, populations such as the
Eastern timber/Great Lakes and red wolves that had substantial amounts of coyote ancestry,
showed the lowest affinity with Polar wolves. An inverse pattern was observed when affinities
were assessed with the ‘Mexico’ coyote, yielding lowest coyote affinity with the most Northern
and Eastern populations (S12 Fig).

Heterozygosity, inbreeding and runs of homozygosity (ROH)

Our pan-population dataset also enabled us to undertake the first whole-genome based, conti-
nental-scale investigation of heterozygosity and inbreeding levels in these canids (S1 Table).
The 6 samples with highest estimated error rates (marked with *, S1 Table) also have the high-
est estimates of heterozygosity and low inbreeding coefficients. Given the error rate, heterozy-
gosity and inbreeding coefficients must be interpreted with care in these individuals. The
estimates for the remaining grey wolves, coyotes and wolf-like canids (Fig 5) allow for more
robust interpretation. The heterozygosity estimates indicated that higher diversity exists
among the coyotes, red wolves and Eastern timber/Great Lakes wolves, than in any of the
North American grey wolf populations (Fig 5). Further, within the “true” wolves, the Polar
and Mexican wolves showed the lowest heterozygosity, while the Eurasian wolves had the
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Fig 2. Admixture graph modelling the origin of American wolf like canids. Models fitting the ancestral makeup of
A) red wolves, B) Eastern timber wolves and C) Great lakes wolves. The specific samples used in each cluster are given
in S1 Table. Internal nodes denoted by letters from a to d are hypothesised meta-populations. Tip nodes indicate the
sampled genomes used to fit the graph. Dotted connecting lines represent admixture events, with the percentages
indicating the admixture proportions. Solid connecting lines represent the divergence between populations with the
numbers indicating their corresponding branch lengths.

https://doi.org/10.1371/journal.pgen.1007745.9002

highest. In order to estimate the inbreeding coefficients for these samples, we split the samples
into 2 groups, as indicated by the phylogeny, i.e. the red wolves and the coyotes in one group,
and the Eastern timber/Great Lakes wolves and the grey wolves in another. To avoid overesti-
mating the inbreeding coefficients (caused by the Wahlund effect), we estimated the allele fre-
quencies in each of these clusters separately, and used these allele frequencies to estimate
inbreeding coefficients. Overall, values of inbreeding were relatively low, and the highest val-
ues were obtained for the Mexican, Pacific, and one Great Lakes (Isle Royale National Park)
wolf (0.2<F<0.7) (Fig 5). The ‘Ellesmere 2’ Polar wolf showed rather low (0.1<F) levels of
inbreeding, which we ascribe to likely admixture (Fig 1A). The ‘Daneborg’ and ‘Ellesmere 1’
Polar wolves showed higher (F<0.5) levels of inbreeding, which is probably a more accurate
representation of the inbreeding levels in the “Polar wolf” population.

Z-value = -0.556

Golden Jackal

197

Mexican Wolf

108

Yellowstone Wolf

Fig 3. Admixture graph modelling the origin of Mexican wolves. Lowest fitting admixture graph for the formation
of Mexican wolves, the specific samples used in each cluster are given in S1 Table. Internal nodes denoted by letters
from a to m are hypothesised meta-populations. Tip nodes indicate the sampled genomes used to fit the graph. Dotted
connecting lines represent admixture events, with the percentages indicating the admixture proportions. Solid
connecting lines represent the divergence between populations with the numbers indicating their corresponding
branch lengths.

https://doi.org/10.1371/journal.pgen.1007745.9003

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007745 November 12,2018 8/23


https://doi.org/10.1371/journal.pgen.1007745.g002
https://doi.org/10.1371/journal.pgen.1007745.g003
https://doi.org/10.1371/journal.pgen.1007745

@'PLOS ‘ GENETICS

Population genomics of grey wolves and wolf-like canids in North America

A

Ancestry proportion estimated using f4 ratios

B Mexico Coyote ancestry

B Daneborg Greenland Wolf ancestry

2]
2
®
& 3
€
=
> s
k7
[0]
o
c
m -
he) =
(9]
®
£
@ o
L =
= T &8 Q9 T T @ &N < ®om N~ p 8N QT % T N HBNT N c T c - Tg cox
E'E‘”ﬁ3'5-2“—-“—"‘—‘.5.5_52‘6oEo@mmgmcmch&,mcm‘_&
S 5883£52888333kgcg£85e83¢8858a8¢e23389 5
2309 S " 3838355 5 E“"—q’o‘”ﬂogm‘”sw.‘:g%mﬁ”’w
<o xS 53 s = =2 < 8 S ZEL35 3t
D oo =S c O °=59°:o=m0x<g
T << 53 SO gsz28§3083 % £
B 5 S
7]
Ellesmere 1
Banks Island '. Ellesmere 2 Krummelanfqa
Daneborg
Alaska Victoria Island North Baffin
Alaska 2 South Baffin
Alaska 1 g o
St. Lawrence Island Qamanirjuaq
Pacific Coast
Saskatchewan Atlantic Coast
MinnesotaI RNP Quebec F 3 statistic
Yellowstone 1 ;
‘Algonquin 1 0.150
lllinois 5“ A%onqw_nZ
Yellowstone 2 Toronto Algonquin 3
California Missourl 0.145
Mexico 1
Alabama
Mexico 2 0.140
.- R If 1 Florida
Mexico I'?éjdvz\?olf 2 0.135
Red wolf 3
0.130
® Wolf
Coyote/Red Wolf/ 0.125
Eastern Timber Wolf/Great Lakes Wolf
A Daneborg Greenland Wolf
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007745 November 12,2018 9/23


https://doi.org/10.1371/journal.pgen.1007745

o ®
@ : PLOS ‘ GENETICS Population genomics of grey wolves and wolf-like canids in North America

Fig 4. Genetic affinity and admixture proportions. A) Wolf vs. coyote ancestry proportions estimated from f4 ratios, using the ‘Daneborg’ Polar wolf, and the
‘Mexico’ coyote as representatives of the two groups respectively. * indicates samples with erroneous estimates, either due to closeness to ‘Eurasia 1’ (‘Alaska 1°), or
paucity of data (‘Krummelangse’). The f4 ratios can be used to quantify the amount of admixture from different source groups, based on the sharing of alleles, as
computed by the f4 statistics [59]. B) Genetic affinity of each sample to the ‘Daneborg’ Polar wolf, computed as the f3 statistic using the ‘Golden Jackal as the
outgroup. The symbols are plotted on a blue-red scale, where blue indicates higher affinity and red indicates lower affinity. Circles represent grey wolves and squares
indicate wolf-like canids.
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To further examine the levels of inbreeding, we estimated the fraction of the genome in
long runs of homozygosity (ROH) on a subset of seven selected wolves with high coverage,
including the ‘Daneborg’ Polar wolf (S13 Fig and S1 Table). The Mexican wolf—Mexico 1—
showed the highest proportion of the genome contained in ROH longer than 1 Mb, followed
by IRNP and Daneborg. The Polar wolf contained more than ~15% of its genome in long
ROH, but none of these segments were longer than 4 Mb, in contrast to IRNP and Mexico 1,
which contained ROH segments longer than 6 Mb. When comparing Daneborg to East and
West arctic wolves, represented by Banks Island and North Baffin respectively, the Polar wolf
showed significantly longer and more abundant ROH, implying higher levels of inbreeding in
the Polar wolf compared to its Arctic conspecifics.

Discussion
Our analyses are based on a full genome dataset spanning the full range of extant North-Amer-

ican wolves, coyote and wolf-like canid populations. Therefore, our results both complement,
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