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The global distribution of the gray wolf (Canis lupus) is a complex assembly consisting of a
large number of populations and described subspecies. How these lineages are related
to one another is still not fully resolved, largely due to thefact that large geographical
regions remain poorly sampled both at the core and peripheryof the species' range.
Analyses of ancient wolves have also suffered from uneven sampling, but have shown
indications of a major turnover at some point during the Pleistocene-Holocene boundary
in northern North America. Here we analyze variation in the mitochondrial control region
in 122 contemporary wolves from some of the less studied populations, as well as six
samples from the previously unstudied Greenland subspecies (Canis l. orion) and two
Late Pleistocene samples from Siberia. Together with the publicly available control region
sequences of both modern and ancient wolves, this study examines genetic diversity on
a wide geographical and temporal scale that includes both Eurasia and North America.
We identify 13 new haplotypes, of which the majority is foundin northern and eastern
Asia. The results show that the Greenland samples are all represented by one haplotype,
previously identi�ed in North American wolves, among whichthis population seems to
trace its maternal lineage. The phylogeny and network analyses show a wide spatial
distribution of several lineages, but also some clusters with more distinct geographical
af�liation. In North America, we �nd support for an end-Pleistocene population bottleneck
through coalescent simulations under an approximate Bayesian framework in contrast
to previous studies that suggested an extinction-replacement event. However, we �nd
no support for a similar bottleneck in Eurasia. Overall, this global analysis helps to clarify
our understanding of the complex history for wolves in Eurasia and North America.
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INTRODUCTION

The gray wolf (Canis lupus) exhibits a tremendous ecological
�exibility with respect to di�erent environments, ranging from
the Arctic tundra to the deserts and dry shrub lands of the Middle
East. This iconic canid was one of the most widely distributed
large terrestrial mammals in the Late Quaternary with a historical
range that covered most of the northern hemisphere (Nowak,
2003), and its range has expanded even further alongside
humans as the domestic dog (C. lupus familiaris). In addition
to domestication, humans have impacted the wolf considerably
by restricting its habitat through active persecution, which has
resulted in a dramatic decrease in population sizes, especially
over the last two centuries (Boitani, 2003; Leonard et al., 2005).
Shrinking habitats overlapping with closely related dogs and
coyotes (Canis latrans) have also led to numerous occurrences
of hybridization (Andersone et al., 2002; Lucchini et al., 2004;
Fain et al., 2010; vonHoldt et al., 2011, 2013). Along with
recent turnovers, these characteristics and events make the
phylogeographic history of the wolf in many ways di�cult to
disentangle.

The divergence between wolves and coyotes most likely took
place in America at some point between 4.5 and 1.8 million
years ago (Mya;Nowak, 2003). However, the more recent time
point seems more plausible, considering that a sudden expansion
of the genusCanis, sometimes referred to as the “wolf event,”
took place at the beginning of the Pleistocene (� 2.5–1.8 Mya;
Azzaroli, 1983; Wang et al., 2010). This expansion was most likely
facilitated by intense continental glaciations, which created open
landscapes including the “mammoth steppe biome” (Azzaroli,
1983; Azzaroli et al., 1988).

According to the fossil record, the wolfC. lupusssp. appeared
in Europe around 800 thousand years ago (kya) during the
Middle Pleistocene and in the mid-latitudes of North America
around 100 kya, where its ancestor previously had gone extinct
(Wang et al., 2010). The wolf appears to have been well-
established in Europe from around 400 kya and onwards
(Meloro et al., 2007). Older records are known only from Siberia
and Alaska (Beringia), leading to the assumption that wolves
originated somewhere in this region, whence they spread all
across the Holarctic (Wang et al., 2010).

Despite the wide geographical distribution and complex
evolutionary history of the gray wolf, most genetic analysesto
date have concentrated on speci�c geographical regions (Randi
et al., 2000; Aggarwal et al., 2007; Pilot et al., 2010; Weckworth
et al., 2010) and/or short fragments of the mitochondrial
DNA (mtDNA; Vila et al., 1999; Valiere et al., 2003; Sharma
et al., 2004; Jedrzejewksi et al., 2005). Many of these studies
have thus su�ered from limited geographical coverage and/or
insu�cient resolution at the genetic level. Further, largeareas
have remained scarcely sampled, such as Russia/Siberia, China,
and the Middle East; regions holding large interconnected
populations that potentially contain high genetic diversity.There
are also remote regions where wolves have not yet been studied
in terms of genetic di�erentiation and diversity. Among these
are the extreme north—home to phenotypically distinct arctic
subspecies, which occur in the Canadian arctic (Canis l. arctos)

and on Greenland (Canis l. orion; Pocock, 1935; Wozencraft,
2005).

By applying ancient DNA techniques to subfossil
remains, many studies have sought to reconstruct the wolf 's
phylogeographic history, often speci�cally in relation to its
domestication by humans (Verginelli et al., 2005; Germonpré
et al., 2009; Skoglund et al., 2011; Thalmann et al., 2013). Like
numerous studies on modern wolves, these have generally lacked
coverage in terms of geography and/or genetic material, often
to a great extent. Samples of ancient wolf remains have mainly
been collected from sites in Europe and Alaska, leaving out much
of the historical distribution (Stiller et al., 2006; Leonard et al.,
2007; Germonpré et al., 2009), and a majority of these samples
have exclusively been targeted for a short but variable fragment
of the mitochondrial control region (CR;Verginelli et al., 2005;
Stiller et al., 2006).

Despite these limitations, ancient DNA studies have provided
important insights into the population dynamics in certain
regions. In a study on Late Pleistocene wolves from eastern
Beringia (Alaska) a population turnover was detected at the
Pleistocene-Holocene transition, where a diverse group of
haplotypes (haplogroup 2) seemed to have been replaced by a
more distinct and monophyletic group (haplogroup 1), which
also represents the modern wolves in North America (Leonard
et al., 2007). Interestingly, the former group was morphologically
described as a robust ecomorph, possibly adapted to large
megafaunal prey. The division into these two genetic groups
can also be applied to the larger Eurasian population, where
both groups are still present in contemporary wolves. However,
following the pattern in North America, all Late Pleistocene
European specimens have been shown to fall within haplogroup
2 (Pilot et al., 2010; Thalmann et al., 2013), which might suggest
that a population turnover occurred in Eurasia as well. Although
only present at low frequency today, haplogroup 2 exhibits a
great deal of diversity, especially when ancient specimens are
included (Pilot et al., 2010). This is also mirrored by indications
of past morphological diversity observed both in North America
and Europe, which suggests that the wolf has su�ered a general
decrease, not only in genetic but also morphological diversity
across its range (Leonard et al., 2007; Germonpré et al., 2009).

In addition to the issue of the wolf 's relationship to the
modern dog, there have been several debated uncertainties
concerning speci�c wolf populations and their status in terms of
subspecies, hybrids, or even distinct species. It has for instance
recently been suggested that wolves from the Great Lakes region
of Canada and the United States (Canis l. lycaon) constitutes a
hybrid between gray wolves and coyotes or even a species on its
own (Fain et al., 2010; vonHoldt et al., 2011, 2013, 2016).

To provide a more comprehensive phylogeograpy of the gray
wolf, we have used CR-sequences to study the mtDNA diversity
of wolves on a worldwide scale. We speci�cally aimed to include
more modern samples from previously less studied areas, as well
as to collate and analyze ancient sequences globally in order
to assess the relationships between wolf populations and how
they have changed over time. We also sampled wolves from
the Great Lakes states Michigan and Minnesota in order to
evaluate if this population shows more sharing of haplotypes with
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wolf or coyote. Finally, to formally test the proposed population
turnover in North America, as well as the possibility of a similar
turnover in Eurasia, we analyzed the data using serial coalescent
simulations.

MATERIALS AND METHODS

Samples
Tissue samples (n D 128) from wolves were collected from across
the range including Scandinavia, Russia/Siberia, Iran, China,
North America, and Greenland (Table S1). With the exception
of two captive Mexican wolves, all samples were derived from
wild animals. Of the six samples from Greenland, two were dated
to the �fth and the early eighteenth century, respectively (Table
S1). Two Late Pleistocene wolf remains were also analyzed, both
taken from permafrost sites on the Taimyr Peninsula in Siberia.
After positive DNA screening, these samples were radiocarbon
dated at the Oxford Radiocarbon Accelerator Unit (ORAU),
yielding approximate ages of 35 and 42 thousand calibrated
radiocarbon years before present (kyr BP). For the sake of
consistency, all subsequent radiocarbon dates are presented in
this (calibrated) form (Tables S1, S3). In summary, a total of 130
novel samples were analyzed (Table S1). For more information
regarding samples included in the current study, see Tables S1,
S2.

Laboratory Methods
For the modern samples, DNA was extracted from blood and
tissue using Proteinase K and organic solvents (Sambrook et al.,
1989), or from hairs (Hopgood et al., 1992). PCR ampli�cation
of a 582 bp long fragment of the hypervariable domain (HVR1)
of the mitochondrial control region was performed with a set
of primers used in a previous study (Savolainen et al., 2002).
This speci�c region has commonly been applied in several
previous phylogenetic studies on the wolf and was thus targeted
to facilitate inclusive comparisons. PCR products were sequenced
using the primers above with BigDye Terminator chemistry on
ABI 377 and 3700 instruments (Applied Biosystems Inc.).

Both extraction and pre-PCR preparation of the historical
and ancient samples was performed at a speci�cally designated
laboratory with high standards of sterility at the Swedish Museum
of Natural History in Stockholm, and the Centre for Geogenetics
at the Natural History Museum of Denmark. DNA was extracted
using a silica-based method, where ca. 50 mg bone powder from
each sample was incubated overnight under motion at 55� C in
715ml extraction bu�er (0.45 M EDTA, 0.1 M UREA, 150mg
proteinase K). The samples were then centrifuged at 2300 rpm
for 5 min and the supernatants were collected and concentrated
using 30K MWCO Vivaspin �lters (Sartorius). Puri�cation and
elution was performed followingBrace et al. (2012).

Taking the fragmented state of ancient DNA into account,
six partially overlapping sequences of the mitochondrial control
region were ampli�ed to cover a total of 686 bp (including
primers), matching the fragment targeted for the modern
samples; MS_wolf1- dogdl5 (148 bp;Leonard et al., 2005),
MS_wolf2 (205 bp), MS_wolf3 (211 bp), MS_wolf4 (175 bp),

MS_wolf5 (149 bp), and MS_wolf6 (132 bp). Primer sequences
are listed in Table S4.

Polymerase chain reactions (PCRs) were set up using; 1 mM
MgCl2 (Qiagen), 0.2 mM dNTPs, 0.2mM of each primer, 1X
PCR-bu�er (Qiagen), 0.1 mg/ml BSA, 2 units of Hotstar Taq
(Qiagen) and 2ml of DNA extract, making a total volume of
25ml/reaction. Ampli�cations started with a 10 min denaturation
step at 95� C, followed by 55 cycles of denaturation at 95� C
for 30 s, annealing for 30 s at 58–62� C, followed by extension
at 72� C for 30 s. A �nal extension step at 72� C for 7 min was
included at the end of the procedure. Con�rming successful
ampli�cations was done using gel electrophoresis, by applying
5ml PCR product on a 1.5% agarose gel prepared with �uorescent
GelRed (Biotium Inc.). The gel was run in 0.5X TBE bu�er
(50 ml) and inspected with UV-light. The PCR-products (20 ul)
were further puri�ed with EXO-SAP enzymes (5 ul; Thermo
Fisher Scienti�c). Sequencing reactions were then performed
using the BigDye Terminator kit ver.1.1 (Applied Biosystems
Inc.), and the products were puri�ed with the DyeEx 96 Kit
(Qiagen). An ABI 3130xl Genetic analyzer (Applied Biosystems
Inc.) was used for the �nal sequencing analysis.

To easily detect contamination and minimize the risk of
cross-contamination, all extractions were made in small series
with regular inclusions of blank samples. The same procedure
was applied for the PCR preparation, and a minimum of two
PCR products were sequenced for every sample to con�rm its
authenticity and detect possible discrepancies caused bypost-
mortemDNA damage (Hofreiter et al., 2001).

Alignment and Data Set Establishment
All sequences obtained from the extracted samples were aligned
and edited using the software BioEdit 7.2.3 (Hall, 1999;
http://www.mbio.ncsu.edu/BioEdit/bioedit.html) and Geneious
7.1.3 (Kearse et al., 2012). In addition to the samples extracted
and sequenced by the authors, currently available sequences
from GenBank were downloaded for wolves (C. lupus; Table S2).
However, since available and published CR-sequences varied to
a great extent both in overlap and length, two alignments were
initially constructed; one covering the complete stretch of582 bp
(alignment A,n D 314) and a second where all sequences< 347
bp were excluded (alignment B,n D 335). The delimitation of
the second alignment was made in order to allow for comparison
with as many ancient wolf sequences as possible, without cutting
the alignment too short and thereby losing information. A
third alignment was �nally made where all ancient sequences
available were included, but which was restricted to a mere 57 bp
(alignment C,n D 366). The number of sequences from ancient
samples within each alignment was A,n D 10; B,n D 31; and
C, n D 62. Published sequences from ancient samples younger
than 30 kyr BP that were labeled as uncertain regarding a�nity
to wolf or dog or as “doglike” were not included (Verginelli et al.,
2005; Thalmann et al., 2013). Sequences containing uncertainties
at polymorphic sites, and thereby making assignments to known
haplotypes or identi�cation of new ones impossible, were also
excluded. Uncertainties at non-polymorphic sites, only occurring
in a few sequences were accepted. This standard was set since the
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latter neither provided information for haplotype identi�cation
nor were phylogenetically informative.

The targeted sequence in the �rst two alignments included
several insertion-deletions (indels), which were taken into
account for the haplotype assignment, but excluded in the
following phylogenetic analyses, rendering alignment A andB
to cover 558 and 317 bp, respectively. Within the alignments the
geographical origin of the samples were indicated at least to the
level of continent or region: North America, Europe, south-west
Asia, northern plus eastern Asia, India, Japan (Hokkaido), and
the Himalayas (including Tibet).

Haplotype Assignment for Alignment A
During analysis, considerable confusion on haplotype
designation was revealed. This was due to the varying
sequence length used in di�erent studies and lack of unitary
designations for new and already known haplotypes. Here,
the sequence fromBjörnerfeldt et al. (2006)was chosen as a
reference, because it represents one of the longest mitochondrial
sequences (16,730 bp) in this data set (Björnerfeldt et al., 2006).
Consequently, this sequence was trimmed to match our longest
alignment (A) and named Clu1 in order to establish a new
nomenclature for the gathered wolf sequences; new haplotypes
were named accordingly and published haplotypes were renamed
(Table S2). Additionally, the novel haplotypes in the wolves were
compared to all available dog and coyote sequences in order
to identify haplotypes shared among (sub) species (Pang et al.,
2009). The program DnaSP 5.10 (Librado and Rozas, 2009) was
used to identify identical haplotypes in alignment A.

Phylogenetic Analysis
A Bayesian phylogenetic analysis was also performed on
alignment A using BEAST 1.8.0 (Drummond and Rambaut,
2007) and applying the HKY C 0 model of nucleotide
substitution without partitioning the alignment, which was
selected under the AIC criterion in jModelTest (Posada,
2008). Further, we assumed the constant population size
setting as a coalescent tree prior, which is suitable for trees
describing the relationships between individuals within the
same population/species (Drummond and Rambaut, 2007).
The posterior distribution of nodes, divergence times, and
substitution rates were estimated by Markov chain Monte Carlo
(MCMC), where samples were drawn every 1000 MCMC steps
from a total of 30 million steps, following a discarded burn-in
of 3 million steps. Convergence to the stationary distribution
and su�cient sampling were checked by inspection of posterior
samples and ESS values. Additionally, analyses were run twice
to test for stability and convergence of MCMC chains in plots
of posterior log likelihoods in Tracer v1.5.2 (Drummond and
Rambaut, 2007). Since radiocarbon dates were available as
internal calibration points the “Estimate” option was used with
no prior on the substitution rate.

Network Analyses
Since bifurcated phylogenetic trees may not accurately mirror
the multi-furcated, reticulated relationships among intraspeci�c
haplotypes (Posada and Crandall, 2001), network analyses were

performed: Median-joining networks were constructed using the
software PopART 1.0 (Leigh et al., 2012) for alignment A, B,
and C excluding indels, and temporal comparisons were made
between the Late Pleistocene and modern samples in the former,
as well as using �ve time layers within the set of ancient samples
(alignment C). Since alignment A had a limited representation
of sequences from ancient samples (n D 10) and analyses were
subsequently focused on the shorter alignments.

Coalescent Simulations
To test the population turnover hypothesized in previous studies
(Leonard et al., 2007; Pilot et al., 2010), coalescent simulations
were carried out on two geographically delimited datasets
representing samples from Eurasia and North America. This
division was based on the separation of the two landmasses
by the Bering Strait in the early Holocene (Hu et al., 2010).
Alignment B was chosen for testing the simulations, since the
other two alignments were either lacking enough ancient samples
(alignment A) or were too restricted in length (alignment C).

Three alternative demographic histories were compared; a
constant population size through time, a population bottleneck,
and a split model designed to test the possibility of an extinction
and replacement of divergent ecotypes (i.e., haplogroups 2 and
1; Leonard et al., 2007) or whether the haplotypes could have
originatedin situ (Leonard et al., 2007). Priors for the models
were as follows: (1)constant modelwith a constant population
size (Nemod) drawn from a uniform prior U (50,000–1,000,000)
through time, (2)bottleneck modelwhere a population (Neanc)
drawn from a uniform prior U (50,000–1,000,000) decreased
instantaneously to a smaller size (Nebot) drawn from a uniform
prior U (1000–50,000) at a time (tbot) drawn from a uniform prior
U (4333–4000) generations ago and then expanded exponentially
to a population size (Nemod) drawn from a uniform prior
U (50,000–1,000,000), and �nally (3)split modelin which a
single population (Neanc D (Ne1_mod C Ne2_mod)) was split
at a time (tsplit) U (13,333–516,666) generations ago into two
populations; the �rst (Ne1_mod) sampled independently from a
uniform prior of U (25,000–500,000) and the second (Ne2_mod)
sampled independently from a uniform prior of U (25,000–
500,000) with a migration rate (m1_2) U (0.001–0.1) between the
two populations.

The prior for the mutation rate of U [1.04577� 10� 5–
4.0855� 10� 5 (mutation rate for the analyzed sequence per
generation)] was based on a rate of 1.1–4.3%/million years (Pang
et al., 2009) and the K2P (Kimura two-parameter;Kimura,
1980) mutation model was used with 0.957% transitions and a
gamma shape parameter of 0.0860 with 6 rate classes estimated
using ModelTest 3.7 (Posada and Crandall, 1998). The timing
of the bottleneck as well as the split time was inferred from
the turnover, mutation rate and divergence between the two
haplogroups reported inLeonard et al. (2007), calculated with
a generation time of 3 years (Mech and Seal, 1987). Coalescent
simulations (1 million iterations of each model) were performed
using BayeSSC (Anderson et al., 2005) and segregating sites,
nucleotide diversity, Tajima's D, and pairwise Fst were calculated
for each simulation and used for model choice, cross-validation,
Bayes factors, rejection, and local linear regression adjustment,
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which were carried out in R using the R package abc.R (Csillery
et al., 2012) based on the 1000 closest Euclidean distances
between simulated and observed summary statistics. A PCA
was performed on simulations for each model prior to analysis
to check the appropriateness of the simulations and models
for producing summary statistics close to the observed and
pseudo-observed datasets (PODs) con�rmed that the constant,
bottleneck, and split model could be di�erentiated given our
sampling and dataset.

RESULTS

Control Region Diversity
In total, we found 114 di�erent wolf haplotypes among 314
sequences in alignment A. Thirteen of these were reported the
�rst time; four from North America, �ve from Siberia, one from
Europe (Russia), one from Iran, and two from China (Table 1and
Table S1; GenBank accession numbers: KX898307-KY124130).
The two ancient wolf specimens from Siberia both represented
new unique haplotypes, whereas the six samples from Greenland
all belonged to a single haplotype (Clu53) previously found
among North American wolves. Three haplotypes were identi�ed
in wolves sampled from the Great Lakes region (Canis l. lycaon),
one of which was shared with coyotes (Table S1). After initial
trials of haplotype clustering, these wolves were repeatedly placed
in the most basal clade and showed a kinship closer to the coyote,
which supports its proclaimed status as a hybrid or a separate
species (Fain et al., 2010; vonHoldt et al., 2011). Consistent
with a hybrid origin, a recent whole-genome sequence study
demonstrated extensive gray wolf and coyote introgressionin
wolves from the Great lakes region (vonHoldt et al., 2016).
After this apparent a�liation was revealed, the samples of
eastern Canadian wolves were left out from the subsequent
analyses.

In alignment B, 90 haplotypes were found among 335
sequences and were assigned with haplotype numbers. As a
result of the shorter sequence length several haplotypes that were
distinct in alignment A collapsed into larger ones in this shorter
alignment. One was even shared by both ancient and modern
samples when indels were removed (haplotype nr. 8 and 9; Clu8,

TABLE 1 | Genetic diversity according to geographical regio n based on
alignment A excluding indels (558 bp); Hd D haplotype diversity, p D
nucleotide diversity.

Region n Sites Segr. Sites Haplotypes Hd p (%)

NCE Asia 95 558 49 37 0.94 1.5

Europe 94 558 37 33 0.93 1.4

N America 69 558 25 17 0.88 0.8

SW Asia 22 558 26 12 0.89 1.3

Ancient 10 558 24 10 1.0 1.3

India 5 558 2 2 0.40 0.14

Himalaya 19 558 2 2 0.11 0.04

NCE AsiaD Siberia, China, Mongolia, and Korea. SW AsiaD Israel, Saudi Arabia, Oman,
Iran, Afghanistan.

Clu9, Clu10, Clu22, Clu108, and Clu109). Alignment C contained
71 haplotypes among 366 sequences.

Bayesian Analysis (BEAST)
The Bayesian analysis in BEAST showed convergence of
posterior likelihoods between runs. For all parameters of interest,
the e�ective sample sizes (ESS) were higher than 200 (as
recommended in the BEAST manual), suggesting stabilization
and good mixing of the MCMC chains.

The phylogeny revealed an overall pattern where clades
represented samples from multiple locations, even from
geographical regions distant to one another (Figure 1: I–XIX).
There were also several recurrently supported clades, which
showed considerable geographical unity (III, VII, XIII, XVI,
and XVIII). The most basal clades were represented by two
lineages of Himalayan and Indian wolves, known for their early
divergence among wolf lineages as has previously been shown
(Sharma et al., 2004; Aggarwal et al., 2007; Meng et al., 2009).
Within the clade including the Himalayan wolves was also a
distinct subclade (Clu76) with nine wolves from China and
Mongolia (Figure 1). In the remaining phylogeny, all ancient
wolves were con�ned among the basal clades and the two new
samples from Siberia aligned next to two of these groups (XVIII
and XV).

Among North American wolves, three groupings (II, VI,
VIII) were discernable clearly at the upper half of the tree,
largely matching the recent �ndings of clusters of wolf haplotypes
in Canada and Alaska (Weckworth et al., 2011). The arctic
wolves from Greenland were grouped within the largest group
representing American wolves at the top of the tree (II). Two
American haplotypes stand out by their more basal position
in the phylogeny. One represents Mexican wolves (XI/Clu30),
which are currently only found in small captive populations
in the US, and which previously have been shown to form
a genetically distinct group (Vila et al., 1999). The other
is that of a wolf from Vancouver Island in south-western
Canada. However, this latter haplotype (Clu47) is also shared
by dogs, suggesting a recent hybridization, which has also been
previously reported from this region (Munoz-Fuentes et al.,
2010).

European samples are found throughout the phylogeny, but
also form distinct groups. Two notable examples consist of
Spanish (IX/Clu35, 36) and Italian wolves (XVIII/Clu30), which
are found widely apart in the phylogeny. Furthermore, the
Spanish haplotypes (Clu35, 36) from the former group are unique
to the Iberian Peninsula.

The Asian samples are widely spread in the phylogeny as
well, especially the ones representing northern and eastern Asia,
which are found all across both trees and networks. Three of
the new haplotypes reported from this area originated from the
easternmost regions; Clu66 from the Chukotka Peninsula, Clu67
from Khakassia and the Amur region and Clu72 from the North
Korean border, and they all show a great diversity with close
a�liation to wolves on all three continents. The novel haplotype
Clu72 also included a distinct 11 bp insertion, not previously
reported.
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FIGURE 1 | Maximum clade credibility tree based on alignment A fr om the Bayesian analysis (BEAST) using the posterior distri bution from 30 million
sampled trees. Nodes with posteriors above 50% are indicated. Key regions/haplotypes are indicated and Late Pleistocene samples are represented with numbers
1–10 and listed in the �gure. Novel haplotypes are displayed in bold and clades are denoted (I–XIX).

Network Analyses
The networks in many ways mirrored the phylogeny with
haplotypes containing wolves from several regions and some
clusters showing a geographical a�liation. The clearest
delimitation is visible in the network based on alignment
A (Figure S1). Much less resolution was displayed in the
other networks, since these were based on shorter alignments
(Figures 2, 3). Even though the two haplogroups identi�ed by
Leonard et al. (2007)could not be clearly distinguished, the

temporal comparison of networks based on alignments A and
B revealed a pattern where all ancient wolves were clustered
in one part of the network (Figure 2 and Figure S1). This
supports the indications from previous studies of a past extended
diversity that was lost, at least in Europe, Siberia and Alaska,
and which overlapped only to a limited extent with that seen in
modern wolves. Temporal changes within the ancient samples
were also apparent in the network of alignment C, where the
constellations of ancient haplotypes are fairly delimited and
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FIGURE 2 | Median joining network analysis for wolf haplotype s based on alignment B excluding indels (317 bp) and including a temporal comparison
(Late Pleistocene vs. modern). Haplotypes (ellipses) are separated by the number of mutational steps indicated by continuous lines and black ellipsesrepresent
missing haplotypes.

haplotype continuity is decreasing through time (Figure 3).
Among the ancient samples, a decline in haplotype numbers is
observed at the beginning of the Holocene. This could re�ect
a bottleneck event or the lack of available samples from North
American wolves in the Holocene (Figure 3; 10–1 kyrs BP).

Coalescent Simulations
We found substantial evidence for a population bottleneck taking
place in North America. By evaluating the results with the
“neural net” method (Csillery et al., 2012), applying a tolerance
of 0.001 and 3000 posterior samples, Bayes Factors for:bottleneck
vs. constantD 7.92,bottleneckvs. split D 14.99 and posterior
model probability forbottleneckD 0.8383. Estimates of the size
of the bottleneck were� 4% of the ancient Ne. (Bottleneck
size Ne modeD 4027, 95% Con�dence Interval 1673–51,171,
declining from an ancient NeD 100,000, 95% Con�dence
Interval 66,492–242,525, and re-expanding to a modern estimate

of 364,000, 95% Con�dence Interval 154,645–818,409). For
Eurasia, none of the three models (constant, bottleneck,or split)
gained substantial support by model choice over the other.

DISCUSSION

By analyzing an expanded global dataset of wolves for the
mtDNA control region, we increased the total number of
identi�ed haplotypes and also identi�ed speci�c clades/clusters,
which were better characterized by this addition. This emphasizes
the importance of dense sampling of wide-spread species in order
to cover as much of the genetic variation as possible. Most new
haplotypes were discovered in Siberia and China, which together
with Europe contained the highest degree of diversity (Table 1).
Samples from these regions were also widely distributed in the
networks and the phylogeny (Figures 1–3).
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FIGURE 3 | Median joining network analysis for ancient wolf ha plotypes (HT) identi�ed for alignment C as well as all modern samp les trimmed to
match this alignment (excluding indels; 57 bp). Temporal comparisons of �ve consecutive time periods are presented covering the Late Pleistocene and
Holocene. Number of mutational steps is indicated by continuous lines, black ellipses represent missing haplotypes. Colors correspond to geographical region (see
Figures 1 , 2).
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Despite their remote location, the arctic wolves from
Greenland did not represent a new or unique haplotype. Instead
they all belonged to a haplotype (Clu53) shared with other North
American wolves and placed within the largest of these clades(II)
suggesting that the maternal lineage of contemporary Greenland
wolves has its origin in North America. This is well in agreement
with a proposed pattern of recurring colonization of Greenland
by wolves from the Canadian arctic (i.e., Ellesmere Island;Dawes
et al., 1986). Much like the polar bear, the evolutionary history,
and possible genetic di�erentiation of this subspecies could better
be explored with genomic markers (Hailer et al., 2012; Cahill
et al., 2013).

The network analyses demonstrated that the ancient wolf
samples constitute a signi�cant proportion of the global diversity,
which was almost entirely lost in North America, and severely
diminished in Europe. It is also apparent that all ancient
samples fall within one half of the phylogeny and the network
based on alignments A and B, thereby constituting lineages
di�erent from most of the contemporary wolves. Accordingly,
all ancient haplotypes de�ned in alignment A were unique
and not found within the modern dataset (Figure S1). Both of
the ancient samples from Siberia analyzed here (Clu106 and
Clu112) grouped among the other ancient wolves, con�rming
this pattern.

A division of both contemporary and ancient wolves into
two distinct haplogroups, as described in previous studies
(Leonard et al., 2007; Pilot et al., 2010), is not well supported
or clearly delimited in our results. However, the pattern of
ancient haplotypes disappearing in North America supports
a turnover taking place there, which is in line withLeonard
et al. (2007), where a demise of the haplogroup containing all
Late Pleistocene wolves was suggested. Instead of detecting an
extinction-replacement, the coalescent simulations provided a
signi�cant support for a bottleneck scenario taking place around
the Pleistocene-Holocene boundary around 12,000 years ago
in North America. In contrast, the lack of support for any of
the simpli�ed population histories for Eurasia may suggest a
more diverse demographic history across this landmass, where
the process leading to the decline of many of the ancient
lineages might have been slower and more ambiguous. In Europe,
several recent studies have indeed found discrepant resultsfor
the population dynamics in wolves, where mitochondrial data
indicated a recent increase in population size, whereas data based
on nuclear SNPs instead showed a continuous decline, starting
already in the Late Pleistocene (Pilot et al., 2010, 2014). The
latter dataset also suggested a similar pattern of decrease in North
America (Pilot et al., 2014) which is in line with the current study.

One aspect to keep in mind in relation to the proposed
demographic changes is the uneven temporal and geographical
distribution of ancient wolf samples, on which this and other
studies are based. The Late Pleistocene samples have so far
been restricted to Europe, Alaska, and Siberia, leaving out most
of Asia. We are thus lacking data on the ancient diversity of
Asian wolf populations, which precludes reliable assessmentsof
demographic events and phylogeography across much of this
continent. Our coalescent simulations are also inherently limited
by the number of sequences as well as variation within and

between models that are tested, and can only be evaluated in light
of these speci�c factors.

The paleontological record implies a continuous presence
of wolves across the northern hemisphere stretching through
the last glacial maximum (LGM), and shows little indication of
the wolf 's range being signi�cantly restricted during glaciations
(Sommer and Benecke, 2005; Leonard et al., 2007). In North
America, the continental ice sheets formed an e�ective barrier
during long time periods, which most likely isolated southern
wolf populations from those in Beringia (Alaska;Leonard et al.,
2007; Weckworth et al., 2010). This is also supported by clear
morphological di�erences observed between Beringian wolves
and wolves south of the ice sheets during the Late Pleistocene
(Leonard et al., 2007), and the genetic distinction of the Mexican
wolves seen today might indeed derive from a past isolation ina
southern refugium during the LGM (Leonard et al., 2005; Shafer
et al., 2010; Weckworth et al., 2011).

In Eurasian wolves, there are few decisive signs of population
structure shaped by glacial refugia during the LGM, something
which has been suggested for other mammals (Taberlet and
Bouvet, 1994; Stewart et al., 2010). One example is the Italian
wolf population, which is clearly distinct, and positioned close
to the ancient wolves in the phylogeny. Other studies have
estimated that this population was in fact isolated for thousands
of generations in the Italian Peninsula (Lucchini et al., 2004).
However, more recent factors like hunting and restrictionsto
gene �ow might also have severely decreased genetic diversity
and caused genetic drift in this population (Valdiosera et al.,
2007). Interestingly, genomic data from a recent study revealed
genetic distinctiveness in wolves from both from the Italian and
the Iberian peninsulas, explaining it as a result of isolation during
the LGM (vonHoldt et al., 2011). In order to shed more light on
the genetic singularity of these populations, additional analyses
of ancient samples would be needed.

One behavioral feature of the wolf which can potentially
counter the establishment of long term phylogeographic
structures is its dispersal capabilities. Wolves are extremely
mobile and migration of several 1000 kms is common for
both sexes (Fritts, 1983; Mech et al., 1995; Ciucci et al., 2009).
This is re�ected by clades that comprise wolves from two or
three continents together (IV, VIII, X, XI). Another aspect
of detecting population structures from genetic diversity is
the type of genetic material studied, for instance autosomal
vs. mitochondrial markers, as well as restricted mitochondrial
sequences vs. complete mitochondrial genomes. A previous study
on modern wolves based on a short (230 bp) CR sequence failed
to detect clear population structures globally (Vila et al., 1999). A
number of recent studies analyzing mitochondrial genomes and
autosomal SNPs of wolves worldwide have been more successful
in this respect, �nding signi�cant di�erentiation between wolf
populations of Europe, Asia, North America, and even within
the continents (vonHoldt et al., 2011; Thalmann et al., 2013;
Fan et al., 2016; Koblmüller et al., 2016). Although restricted
to the mitochondrial control region, our analyses did recover
most of the same clusters and clades that were revealed from
datasets of almost complete mitochondrial genomes (Thalmann
et al., 2013; Koblmüller et al., 2016). However, despite the
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larger sample set, the comparably shorter sequence length used
precluded con�rmation of the same topology with equally
substantial support. The clades within the phylogeny should
thus be interpreted with some caution, given their generally low
support values.

In contrast to phylogenies based on mitochondrial markers,
a phylogeny based on autosomal SNPs di�ered in a signi�cant
way, as it displayed distinct geographical patterns, where the
most basal split separated wolves in North America from those in
Eurasia (Fan et al., 2016). The discrepancy of this result compared
to ours and to the phylogenies based on mitochondrial markers
in general (Thalmann et al., 2013; Koblmüller et al., 2016) is of
interest. A likely explanation is that mitochondrial lineages in
wolves can be highly a�ected by the animal's wide dispersal as
well as incomplete lineage sorting, which has to be considered
when results from these di�erent methods are compared (Funk
and Omland, 2003; Toews and Brelsford, 2012). Discordance
is in fact a general problem when comparing genetic studies
on wolves, even when similar markers are used. We speci�cally
encountered this dilemma when searching for published data that
often did not overlap with our sequences. In order to facilitate
comparisons of data and avoid the confusion of novel haplotype
names, a harmonization of methods, and markers is necessary(de
Groot et al., 2016).

With the use of autosomal markers, some studies have also
managed to discern patterns on more restricted geographical
scales (Weckworth et al., 2011; Pilot et al., 2014). In many
instances these population patterns, which have shown little
correlation with geographical barriers, have instead been
explained by ecological specializations in di�erent populations
(Carmichael et al., 2001; Ge�en et al., 2004; Stronen et al.,
2012). A pattern of di�erentiation along a North-South axis has
for instance been observed in European wolves (Stronen et al.,
2013), and recently, signs of diversifying selection in terms of
body size has been discovered in the same population (Pilot
et al., 2014). These �ndings are much in concordance with
the proposed causes to the turnover seen in North America,
explained in terms of a population of larger and more specialized
wolves going extinct along with other megafauna (Leonard et al.,
2007).

Sampling of modern wolves has several limitations, mainly
due to practical di�culties, decreasing numbers, and local
wolf populations going extinct. Recent bottlenecks have
also hampered the ability to achieve an overview of the
phylogeography of the past. However, remains of wolves are
common both in paleontological and historical collections,and
to improve our understanding of the population dynamics of the
gray wolf, analyses of more samples are needed to cover both the
distant as well as the more recent past. One question of speci�c

interest concerns the origin of the direct ancestors of the lineages
that dominate contemporary populations, a question which
might be solved by analyzing additional ancient wolf remains
from areas south of the Late Pleistocene “mammoth steppe” in
Eurasia and North America.
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