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Abstract

Knowledge of genetic diversity and population structure is critical for conservation and man-
agement planning at the population level within a species’ range. Many brown bear popula-
tions in Central Asia are small and geographically isolated, yet their phylogeographic
relationships, genetic diversity, and contemporary connectivity are poorly understood. To
address this knowledge gap, we collected brown bear samples from the Gobi Desert (n =
2360), Altai, Sayan, Khentii, and Ikh Khyangan mountains of Mongolia (n = 79), and Deosai
National Park in the Himalayan Mountain Range of Pakistan (n = 5) and generated 927
base pairs of mitochondrial DNA (mtDNA) sequence data and genotypes at 13 nuclear DNA
microsatellite loci. We documented high levels of mtDNA and nDNA diversity in the brown
bear populations of northern Mongolia (Altai, Sayan, Buteeliin nuruu and Khentii), but sub-
stantially lower diversity in brown bear populations in the Gobi Desert and Himalayas of
Pakistan. We detected 3 brown bear mtDNA phylogeographic groups among bears of the
region, with clade 3a1 in Sayan, Khentii, and Buteeliin nuruu mountains, clade 3b in Altai,
Sayan, Buteeliin nuruu, Khentii, and Ikh Khyangan, and clade 6 in Gobi and Pakistan. Our
results also clarified the phylogenetic relationships and divergence times with other brown
bear mtDNA clades around the world. The nDNA genetic structure analyses revealed dis-
tinctiveness of Gobi bears and different population subdivisions compared to mtDNA
results. For example, genetic distance for nDNA microsatellite loci between the bears in
Gobi and Altai (Fst = 0.147) was less than that of the Gobi and Pakistan (Fst = 0.308) sug-
gesting more recent male-mediated nuclear gene flow between Gobi and Altai than between
Gobi and the Pakistan bears. Our results provide valuable information for conservation and
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management of bears in this understudied region of Central Asia and highlight the need for
special protection and additional research on Gobi brown bears.

Introduction

Understanding the phylogeographic patterns and current genetic connectivity of a species pro-
vides a greater understanding of evolutionary history and is important for conservation and
management decisions [1]. Natural phylogeographic distribution, as well as genetic patterns of
diversity and connectivity, have been shaped over evolutionary time by events such as moun-
tain formation and glaciation [2]. However, anthropogenic effects, such as habitat change and
fragmentation, commonly disrupt natural evolutionary processes over a much shorter time
scale. Large and long-lived animals with slow life histories typically live at low population den-
sities and require large areas, which makes them especially vulnerable to anthropogenic dis-
ruption, affecting genetic diversity and connectivity. Habitat fragmentation leading to
isolation in populations and individuals has negative demographic and genetic effects [3].
Endangered and geographically isolated populations may benefit from conservation measures
that promote genetic and demographic rescue, but knowledge of a species’ genetic history is
required to avoid inbreeding and outbreeding depression [4].

The brown bear (Ursus arctos) was historically distributed across most of the Northern
Hemisphere, but many populations, particularly in the southern portions of their distribution,
are now isolated and of conservation concern [5, 6]. Although the phylogeography of brown
bears has been studied extensively in many parts of the world [7-10], very little information is
avaijlable about the populations in Central Asia, many of which are fragmented into several
small populations and listed as critically endangered by the International Union for Conserva-
tion of Nature (IUCN) [6]. In addition, the taxonomic status, as well as evolutionary history,
of brown bears in Central Asia is still uncertain and contested. Based on morphological differ-
ences and geographic locations, brown bears in Central Asia have been classified into several
different subspecies. For example, brown bears in the Altai region of Russia have been classi-
fied variously as East Siberian brown bears (U. a. collaris) [11] or as Mongolian brown bears
(U. a. jeniseensis) [12]. Brown bears from the Sayan and Khentii mountains on the Mongolian
Plateau have been variously classified as Mongolian [12, 13] or Eurasian brown bears (U. a.
arctos) [14, 15]. The question of subspecies classification has direct implications for conserva-
tion planning, as it may affect the recognition of a population as an endangered species or sub-
species [16].

Only a few studies have investigated the phylogeny of brown bears in Central Asia [17-19].
These mitochondrial DNA (mtDNA)-based molecular studies have identified 3 divergent line-
ages in Central Asia: clade 3al, found throughout Eurasia and the Russian Far East; clade 5 on
the Tibetan Plateau; and clade 6, found in the Gobi Desert and the Tian Shan and Himalaya
mountains [18, 19]. These studies were all based on small sample sizes and phylogenetic rela-
tionships were only inferred from the maternally inherited mtDNA. Incorporating nuclear
DNA data would lead to a better understanding of phylogenetic relationships of brown bears
in the Northern Hemisphere.

In brown bears, as in most mammals, males are generally the dispersing sex and they can
disperse over very large distances, whereas females generally have short dispersal distances and
often overlap with their maternal home range [20]. In this study, we aimed to evaluate the phy-
logeographic relationships of the fragmented brown bear populations in Central Asia and
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provide information crucial for their conservation. We aimed to answer 3 main questions for
6 geographically separate brown bear sampling areas in Central Asia using both maternal
mtDNA and bi-parental microsatellite variation. Our questions were: 1) How many mtDNA
phylogeographic brown bear groups are present in Central Asia and how do they relate to
other phylogeographic bear groups worldwide ? 2) How many nDNA genetic bear groups are
present in Central Asia and what is the degree of connectivity? 3) What are the levels of
mtDNA and nDNA diversity in bear groups in Central Asia?

Materials and methods

Study area and sample collection

»

We collected brown bear samples from 8 geographic locations, including the Great Gobi “A
Strictly Protected Area (hereinafter Gobi) (~43°40'N; ~97°20 E), the Altai (~47°52'N; ~90°88
‘E), Sayan (~51°20'N; ~101°15E), Buteeliin nuruu (~49°59'N; ~104°07 ‘E), Khentii (~48°43
'N; ~108°30E), Bogd Khan (~47°40'N; ~107°10E), and Ikh Khyangan mountains (~46°90
'N; ~119°20E) in Mongolia, and Deosai National Park in Pakistan (hereafter Himalaya)
(~35°50'N; ~75°20E) (Fig 1). We collected 2,360 hair samples using barbed wire hair traps at
14 bait sites in Gobi between 1999 and 2017. Fourteen hair samples, 1 scat, and 65 tissue sam-
ples (0.5-1 cm? skin) were collected from local museums, field biologists, and locals from the
Khovd (n = 1), Altai (n = 12), Sayan (n = 7), Khentii (n = 29), Buteeliin nuruu (n = 19) and Ikh
Khyangan mountains (n = 6) between June 2005 and December 2016. The 5 hair samples from
the Himalaya were collected in 1996 [18]. All tissue and skin samples were stored in paper
envelopes at room temperature prior to analysis. The permission for sample collection in each
area was issued by Mongolian Ministry of Environment and Tourism (formerly the Mongolian
Ministry of Nature and Green Development) and Institute of General and Experimental Biol-
ogy, Mongolian Academy of Sciences. We obtained the necessary permits for import and
export of all bear samples from the Convention on International Trade in Endangered Species
of Wild Fauna and Flora (CITES) (export: MN1000500, 18/1148; import 12US807212/9 and
18US59229C/9).

DNA extraction, microsatellite genotyping and analysis

Total genomic DNA from scats, hair, and skin was extracted using the QIAamp DNA Stool kit
and Qiagen DNeasy tissue kit (Qiagen Inc., Valencia, CA, USA). We extracted DNA from hair
in a room dedicated to low-quality and -quantity genetic samples and included 5-10 guard
hair roots in each extraction, if available. We extracted DNA from scat in a biosafety hood in a
room dedicated to low-quality and- quantity genetic samples to avoid any cross-contamina-
tions. A negative control was included to test for contamination in each batch of extractions.

Extracted DNA was first screened with 3 mitochondrial DNA species ID primers (H16145,
SIDL, and H3R) to ensure the sample was from a bear and to evaluate the sample quality [21].
We chose 13 sufficiently polymorphic microsatellite loci for Gobi bears, including G10B,
G10D, G10L, G10M, G10P, G10U, Mu50, and Mu59 [22], D1a [23], REN145P07 [24], Mu51,
Mu23, and MU11 [25]. We also included the sex marker, SE47-48 [26]. We used 2 multiplexes
including 8 microsatellite primers in the first set and 6 microsatellite primers for the second
set for the optimization. All PCR reactions contained approximately 2ul genomic DNA and
5ul of PCR mix with a final concentration of 0.5-0.16 uM of each primer, 1xQIAGEN master
mix, 0.5xQ solution. The hair samples were amplified 3-8 times, and samples with better qual-
ity DNA, e.g. skin samples, were amplified 2-4 times until a consensus genotype could be
determined. For a heterozygous consensus genotype, we required that each allele was observed
in at least 2 independent PCRs and, for a homozygous consensus genotype, we required 3
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Fig 1. Locations of sampled brown bear populations in Central Asia. Sample sizes are given in parenthesis. Gray shading represents the estimated current
brown bear distribution [6].

https://doi.org/10.1371/journal.pone.0220746.9001

independent PCRs with homozygous results. A negative control was included in all PCRs to
test for contamination. We separated the PCR products by size using an Applied Biosystems
3130x] sequencer and scored them using the associated GeneMapper 3.7 software (Applied
Biosystems, Foster City, CA, USA).

Based on the probability of identity among siblings statistic P(jp)sibs [27], we determined
that 10 loci were necessary to achieve < 0.01 probability of 2 siblings having identical geno-
types. Consensus genotypes including > 10 loci from all samples were compared using Gena-
lex 6.5 [28] to match samples and distinguish unique individuals. To avoid overestimation and
account for undetected genotyping errors, we lumped samples if a mismatch could have been
due to allelic dropout [29]. Reliotype [30] was used to test the accuracy of unique genotypes
detected in only 1 sample (i.e. single detections) to ensure genotypes met a 95% accuracy
threshold.

The genetic diversity within each population was calculated using Arlequin [31] and Micro-
satellite Analyzer (MSA) [32]. Because our sample sizes from each population were uneven, we
calculated allelic richness using ADZE-1.0 [33] with a parameter set to 10 maximum standard-
ized to the sample size (n = 5). We calculated genetic differentiation between populations
using pairwise Fgr [34] and G”st [35] and between individuals using Principal Coordinate
Analysis (PCoA) with Genalex v6.5 [28]. To further identify genetic structure and clustering
between geographically isolated populations, we randomly subsampled 27 of 68 identified
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individuals from Gobi to obtain proportional representation [36] from each identified group
before we ran the cluster analysis, STRUCTURE v2.3.4 [37]. We applied a 1,000,000 Markov
Chain Monte Carlo sampling scheme, considering samples occurring after the burn-in period
of 100,000 samples, and applied an admixture model allowing for correlated allele frequencies
between populations. We considered values of k between 1 and 10, repeating each analysis 10
times at each value of k. The most probable clustering was calculated via evaluating the likeli-
hood curves and checking the distribution of Delta K [38] using STRUCTURE HARVESTER
v.0.68 [39].

Mitochondrial DNA sequencing and analysis

We investigated the phylogenetic relationships between brown bear populations in Central
Asia using 2 segments of mitochondrial DNA; the cytochrome oxidase-2 (COXII) gene
(671bp) and control region (CR) (256 bp). A partial COXII gene was amplified with primers
BCOX2F 5-CTTTGTCAGGGTTAAATTATAGGT-3" and BCOX2R 5-GGAGAAGTCTGC
ATTCTCAGT-3’ [40]. The CR was amplified in 2 segments. For the first segment, we used (H)
5-CCTAAGACTAAGGAAGAAGS3’ and (L)5-CTTATATGCATGGGGGCACG-3’ and, for
the second segment, we used the primer sequences (H)5-CATCGCAGTATGTCCTCG-3" and
(L)5-TACTCGCAAGGATTGCTGG-3’ [8]. All PCR reactions were executed using a total vol-
ume of 10 pl; including 2l genomic DNA, 0.5 uM of each primer, 0.2 mM dNTPs, 1.5 mM
MgCl, and 0.1 units of Tag DNA polymerase. The PCR thermal cycle profiles were as follows:
an initial-denaturing step of 94°C for 10 minutes; denaturing step of 95°C for 30 seconds,
annealing at 55°C for 30 seconds, and extension at 72°C for 1 minute (35-54 cycles); plus a
final extension at 72°C for 10 minutes. The PCR products were stored at 4°C. To remove prim-
ers and unincorporated nucleotides, amplified products were purified using the QIAquick
PCR purification kit (Qiagen Inc., Valencia, CA, USA). Contaminants were checked during
DNA extraction, PCR, and sequencing processes using negative controls (one negative control
for each 15-20 samples). The laboratory processes in DNA extraction, PCR, and sequencing
were performed in separate rooms to avoid the cross-contamination. Sequences were deter-
mined with an Applied Biosystems 3130xl sequencer (Applied Biosystems, Foster City, CA,
USA). Sequences were edited by hand using Sequencher version 5.3 (GeneCodes, Ann Arbor,
MI, USA) and aligned using MAFFT.v7 [41]. The number of haplotypes, number of polymor-
phic sites, and haplotype diversity were calculated for the CR and COXII using DNAsp 6 ver-
sion [42]. The hypervariable sites in the CR sequence were excluded from phylogenetic
analyses. Molecular variance (AMOVA) within and among populations was calculated with
Arlequin 3.5.2.2 [31]. Median joining analysis was performed in Network 5.0.0.1 (http://www.
fluxus-engineering.com) using sequences collected during this study as well as Genbank data.
Most samples from Genbank were from extant brown bear populations but also included 3
cave bear samples and 6 fossil brown bear samples (S1 Table).

Due to the extensive amount of research on bear phylogeny based on mtDNA, an additional
115 brown bear haplotypes from populations in mainland Russia, the Middle East, and from
the hypothesized sister species, the extinct cave bear (Ursus spelaeus, FN390870) [43] and the
extant sloth bear (Melursus ursinus, EF196662), were retrieved from Genbank for phylogenetic
analysis. Sequence availability was greater in the control region (115 CR sequences in total),
compared to the COXII region, which had fewer available samples (62 sequences in total). We
performed independent analyses of both datasets, as well as a fully concatenated matrix of CR
and COXII gene sequences, with all available sequence data. Because many samples had identi-
cal sequences (i.e., no substitutions at any site), we pruned all datasets by randomly removing
duplicate samples from the same geographic region. This allowed us to reduce the number of
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identical haplotypes, while retaining geographic representation. Sequences were aligned sepa-
rately using Muscle v.3.8.31 [44]. Models of molecular evolution for nucleotide alignments were
estimated using the AutoModel command in PAUP* v.4.0a [45], where predefined data blocks
corresponded to the CR and the COXII genes. The Akaike Information Criterion (AIC), as
implemented in PAUP*, was used to identify the highest-ranking models of molecular evolu-
tion. All downstream phylogenetic analyses used these partitioning schemes and models.

To infer evolutionary relationships, we performed a phylogenetic analysis using both maxi-
mum likelihood and Bayesian criteria. Maximum likelihood trees were estimated using Garli
[46]. Each analysis consisted of 25 search replicates and subsequent log files were examined to
ensure that each resulted in similar trees and log-likelihood scores, thus indicating that the sep-
arate searches had recovered similar topologies. A bootstrap run of 1,000 replicates was per-
formed to assess nodal support. The sumtrees function of the dendropy package v.4.0 [47] was
used to summarize bootstrap runs on the best tree. Bayesian phylogenetic analyses were con-
ducted in MrBayes v.3.2.1 [48]. Each analysis consisted of 4 Markov chains (using default-
heating schemes), sampled every 1,000 generations for a total of 2,000,000 generations. To
avoid false stationarity at local optima, we conducted 4 independent runs of each analysis. The
stationarity of chains and convergence of parameter estimates was determined by plotting the
likelihood scores and other parameter values against generation time using the program
Tracer v.1.5 [49]. Stationarity was assumed when all parameter estimates and the likelihood
had stabilized. Burn-in was visually assessed and a conservative 25% of trees were discarded.
The remaining trees and their associated values were summarized using the sump and sumt
commands in MrBayes. A majority-rule consensus tree showing all compatible partitions
from the resulting posterior distribution of topologies was used to recover the posterior proba-
bilities of nodes. Each analysis described above was performed independently on both the
full and pruned datasets of the CR and the COXII genes, as well as the full and pruned
concatenated dataset of all CR and COXII sequences.

We estimated divergence times in BEAST v.2.5.1 [50], utilizing the full concatenated data-
set, as well as the partitioning schemes and nucleotide substitution models described above.
We employed a relaxed, lognormal molecular clock to estimate rates of evolution on each line-
age and we applied fossil calibrations to 2 nodes, the crown node of the polar bear (U. mariti-
mus) + brown bear lineage, and the node corresponding to our entire ingroup + sloth bear, to
estimate times of divergence across the tree. Calibration priors were centered around the
median age reported from previous studies of the fossil record (4.3-6 Ma, placed at the crown
node of all Ursinae [51]), or derived from ages recovered in other studies that have estimated
divergence times using different types of data (0.48-1.1 Ma for the crown polar bear + brown
bear node [52-54]). For each node, we applied a normal distribution with minimum and max-
imum ages reported in the literature falling within the 2"¢ and 3™ quantiles of the distribution.
Five independent analyses were conducted for 200,000,000 generations each, sampling every
10,000 generations, to confirm that independent analyses converged on similar topologies. In
addition, we performed an analysis without data to assess the influence of the priors on poste-
rior parameter estimates. Convergence and chain stationarity were assessed in the same way as
other analyses in MrBayes. Burn-in was estimated from each trace file separately, burn-in trees
were discarded, and then all analyses were combined using LogCombiner [50] and a maxi-
mum clade credibility tree was summarized with TreeAnnotator [50].

Results

We obtained 773 consensus genotypes (>10 loci) and identified 138 individual bears, includ-
ing 68 from Gobi (including 1 sample from Khovd), 23 from Khentii, 15 from Buteeliin
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nuruy, 7 from Sayan, 5 from Bogd Khan, 10 from Altai, 5 from Ikh Khyangan, and 5 from
Himalaya using 13 microsatellite loci (Fig 1).

For genetic distance and genetic diversity calculations, individuals from Khentii, Buteeliin
nuruu, and Bogd Khan were included as 1 population, due to the short geographic distance
between the areas (50-200 km) and results from PCoA and Bayesian clustering analyses. Sub-
sequently, we successfully sequenced 79 samples for the mtDNA CR fragment (256 bp) and 65
samples for the mtDNA COXII fragment (671 bp) (S2 Table).

Nuclear genetic diversity

All microsatellite loci were polymorphic (2-13 alleles per locus) in 7 of 8 brown bear popula-
tions, except 3 microsatellite loci that were monomorphic in the Himalayan sample (n = 5). A
total of 85 alleles were generated by 13 microsatellite loci with a range of 77-246 bp. Genetic
diversity levels were highly variable among populations in Central Asia, ranging from the low-
est values in the Gobi (Ar = 2.07; Hg = 0.48) and the Himalaya (Ar = 2.08; Hg = 0.38) to the
highest values in Khentii+Buteeliin nuruu+Bogd Khan (Ar = 2.98; Hg = 0.81) and Altai

(Ar = 3.06; Hg = 0.78) and Khyangan (Ar = 2.84; Hy = 0.72) (Table 1).

Mitochondrial genetic diversity

The brown bear populations in Central Asia showed a comparatively high genetic diversity,
based on CR (1t = 0.03 and Hd = 0.89) and COXII (r = 0.01 and Hd = 0.87), especially the pop-
ulations in the Altai, Khentii+Buteeliin nuruu+Bogd Khan, and Ikh Khyangan mountains (S3
Table and S4 Table). However, the genetic diversity in Gobi and Himalaya was low

(Hd = 0.14-0.40), having only 2-3 different haplotypes within each population. We found 25
haplotypes from the 256bp CR fragment, based on 25 variable sites from sequences from 79
individuals, as well as 13 haplotypes from 671bp COXII fragment, with 24 variable sites from
65 sequences, excluding gaps.

Based on CR data, we identified 22 previously undocumented haplotypes. Three haplo-
types were reported previously as Gobi-I: Genbank accession number AB010728 from
GGSPA [17]; PA136: DQ914409 from Pakistan [8]; and KD1 and AB041258 from Kodiak
Island [55] (S2 Table). We detected 12 unique new haplotypes in the COXII datasets, but 1
haplotype (4Sel) from Buteeliin nuruu had the same sequence as 16 brown bear sequences
in Genbank: KY419692-4, KY419687, KY419674, KY419654, KY419646-51, KY419639-40
[56] from Perm, Magadan, Krasnoyarsk, and AP012579 [9] from Sakhalin in Russia (S2
Table).

Table 1. Genetic diversity of brown bear populations in Central Asia based on 13 microsatellite loci.

Populations

Gobi Desert (GGSPA Mongolia)

Khentii (Khentii, Buteeliin nuruu and Bogd Khan)
Sayan (Khuvsgul)

Altai (Bayan-Ulgii)

Khyangan (Dornod)

Himalaya (Pakistan)

Total

n TNA Ar Ho He

68 46 2.07 0.51 (0.19) 0.48 (0.17)
48 101 2.98 0.75 (0.12) 0.81 (0.04)
7 82 3.38 0.85 (0.19) 0.85 (0.07)
12 74 3.06 0.74 (0.14) 0.78 (0.09)
6 82 2.84 0.51 (0.23) 0.72 (0.16)
5 31 2.08 0.57 (0.39) 0.55 (0.17)
146 127 4.61 0.65 0.74

n, number of individuals; TNA, total number of alleles; Ar, allelic richness per locus calculated for a population based on minimum sample size of 5 diploid individuals;

Ho/He, observed/expected heterozygosity; Standard deviations are given in brackets.

https://doi.org/10.1371/journal.pone.0220746.t001
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Genetic structure, differentiation, and phylogeny

Mitochondrial DNA level. Phylogenetic inference identified 6 primary clades of bears,
with varying levels of support, that corresponded to hypothesized lineages from previous work
(i.e. Clades 1, 2, 3a, 3b, 4, 5, and 6 [57-60] (Fig 2 and S1 Fig).

Bayesian and maximum likelihood inferences, as well as the topology inferred during the
divergence time analysis, were largely congruent with respect to the membership of these pri-
mary clades. For simplicity, here we show the maximum clade credibility (MCC) tree, summa-
rized during the divergence dating analysis. This topology was inferred from the concatenated
dataset (927 bp) and provides divergence times summarized at nodes of interest. Phylogenetic
inference of the full dataset (both Maximum Likelihood and Bayesian topologies) is provided
in the supplemental material (S1 Fig).

The brown bear sequences from Central Asia were clustered in clades 3a, 3b, and 6 (Fig 2
and S1 Fig). The bears from Buteeliin nuruu and Khentii mountains had haplotypes in both
clades 3a (i.e. the clade found in Europe, the Russian Far East, and Central Hokkaido) and 3b
(i.e. the clade found in Eastern Hokkaido). Altai and Ikh Khyangan bears all belonged to Clade
3b. The phylogenetic trees showed that clade 3b had 3 diverging groups, including a grade of
lineages, 3b1 in Altai, subclade 3b2 in the Sayan, Khentii, and Ikh Khyangan mountains, and
subclade 3b3 in Hokkaido (Fig 2). Based on Maximum Likelihood and Bayesian phylogenetic
trees, Gobi and Himalaya bears belonged to clade 6, representing a sister lineage to other
extant brown bear populations. However, Gobi and Himalaya bears did not share any haplo-
types; haplotypes found in Himalaya diverged from those in the Gobi by 4 to 7 base pairs.

The median-joining haplotype network also showed 3 divergent groups in Central Asia
(Fig 3 and S2 Fig). For clade 3a, we found 3 CR haplotypes (CR_Hap8: 4Sel, 6Sel, CR_Hap16:
Se5, COII_Hap5) and 2 COXII haplotypes from Khentii and Buteeliin nuruu mountains,
which are widely distributed throughout the regions of Perm, Magadan, Krasnoyarsk, Sakhalin
in Russia, and western Alaska, USA. The number of mutational steps between 3a and 3b haplo-
types in Central Asian populations, where both clades were present, were fewer than between
Eurasian and Hokkaido populations, in which only 3a or 3b was present. The haplotypes
(300825, 30036Khe and 4004Sel) in Khentii and Buteeliin mountains were placed as the central
haplotypes at the star-shaped network of the 3a and 3b clades.

Based on the divergence time estimate, the clade 3b2 bears in the Sayan-Khentii-Ikh Khyan-
gan-Russian Siberia and clade 3b3 bears in eastern Hokkaido diverged around 0.24 mya (0.13-
0.38 kya) from clade 3b1 in Altai. The Maximum Likelihood and Bayesian phylogenetic tree,
along with the divergence estimate, indicated that the Himalayan brown bears diverged from
Gobi bears 0.69 mya (0.32-1.21 mya) years ago (Fig 2).

Nuclear DNA genetic structure. The genetic distance between Gobi and Himalayan
brown bears was greater (Fsp = 0.339, G”sy = 0.282) than all other pairwise comparisons.
Opverall, brown bears in both the Gobi and Himalaya had higher pairwise differentiation values
(Fst = 0.14-0.22, Ggy” = 0.12-0.18) with the Altai, Sayan, and Khentii (included Buteeliin
nuruu and Bogd Khan) mountains than these 3 areas had among themselves (Fs = 0.002-
0.05; G”gp = 0.02-0.09) (Table 2).

Additionally, pairwise genetic distances between Himalaya and Altai, Sayan, Khentii were greater
(Fst = 0.26-0.330, Ggy” = 0.14-0.18) than those between Gobi and Altai, Sayan, Khentii (Fgy =
0.14-0.21, G’y = 0.12-0.14) (Table 2). The bears in the Altai, Sayan, and Khentii mountains were
sampled from what is likely a continuously occupied range, whereas the Gobi and Himalaya popula-
tions are discontinuous in relation to each other and the three northern sampling areas (Fig 1).

The Bayesian clustering also strongly supported the split between Gobi and other brown
bear populations in the Himalaya, Altai, Sayan, Khentii, Buteeliin nuruu, and Bogd Khan. The
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Fig 2. Bayesian phylogenetic tree of brown bears based on mtDNA data (927 bp). The numbers on the nodes are the
posterior probability. For simplicity, support values are provided primarily for nodes of interest in the discussion.

Divergence time estimates (median divergence estimate, followed by range of estimated times corresponding to the 95%
highest posterior density interval (HPD)) are provided in boxes next to their corresponding nodes. For simplicity, we

show ages only for those clades discussed in text. Green circles following taxon names correspond to individuals
sequenced during the course of this study.

https://doi.org/10.1371/journal.pone.0220746.9002

population split at K = 2 received the highest likelihood value, based on the Evanno method
[38] (S3 Fig) and separated the Gobi bear population from all others. Interestingly, the bear
from just north-west of Gobi in Khovd province, which was found dead around at the begin-
ning of the 1900s, had an admixture of ancestry from the bears in the Gobi and Altai Mountain
Range. Population splits corresponding to the Himalaya, Altai, and Khentii (including Butee-
liin nuruu and Bogd Khan) mountains were highly supported at K = 3-5 respectively (Fig 4).
Principal Coordinate Analysis (PCoA) revealed that all Gobi bears clustered together, sepa-
rately from the rest of the Central Asian brown bears. Himalayan brown bears were distinct
from the brown bears in the Altai-Sayan and Khentii mountain ranges (Fig 5A). Therefore, we
carried out a second PCoA analysis, excluding individuals from Gobi and Himalaya. The
results indicated that bears from the Altai Mountains showed further genetic separation from
the remaining populations along both the first and second axes (Fig 5B).
As an additional result, we found an 8 bp deletion in the X chromosome microsatellite
locus (SE47-48) in all Gobi bear samples. Also, only a few females (n = 4) from Altai and Ikh

Khyangan had allele 232 in 1 of the X chromosomes, but the rest of the sampled brown bear
populations had a 240 allele at this locus.

Discussion

Collecting genetic data and samples from wildlife in remote regions is a difficult task but can
provide valuable information about evolutionary history, taxonomy, population connectivity
and genetic health of populations. Using mitochondrial and nuclear DNA data collected from
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Fig 3. Median-joining haplotype network from brown bear populations around the world. The network is based on
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the clades based on the Bayesian phylogenetic tree. The hatches are the mutation points in the sequences. The small red
circles are unobserved haplotypes.

https://doi.org/10.1371/journal.pone.0220746.9003
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Table 2. Comparison of pairwise Fst and G”st among 5 brown bear populations.

G”ST

Population Altai (n=11) Sayan (n=7) Khentii (n = 43) Ikh Khyangan (n = 4) Himalaya (n = 5) Gobi (n = 68)
Fsr | Altai (n=11) 0.030* 0.038* 0.032* 0.182* 0.133*

Sayan (n=7) 0.062* 0.004 -0.002 0.147* 0.120*

Khentii (n = 43) 0.054* 0.026 0.009 0.162* 0.132*

Ikh Khyangan (n = 4) 0.086* 0.059 0.052 0.145* 0.143*

Himalaya (n = 5) 0.222* 0.193* 0.193* 0.218* 0.282*

Gobi (n = 68) 0.147* 0.139* 0.137* 0.182* 0.308*

The results are based on nuclear DNA 13 loci microsatellites. The samples size is indicated in parentheses. G’y and Fgr are listed above and below the diagonal,
respectively.
*Statistical significance (P < 0.05).

https://doi.org/10.1371/journal.pone.0220746.t002

A.K=2

B. K=3

C.K=4

D.K=5

1 2 3 4 5 6 7 8

Fig 4. Ancestry plots from the Bayesian clustering (STRUCTURE) from 97 bears sampled in Central Asia. The results are based on 13 nuclear
DNA microsatellite loci. Using the Evanno method (S3 Fig), STRUCTURE analysis indicated that the most basic level of subdivision is at K =2 (S3
Fig), dividing the Gobi brown bears (8, orange) and the rest of the populations in Central Asia (1-7). The numbers correspond to the following
geographic areas from Fig 1: 1). Altai; 2). Ikh Khyangan; 3). Buteeliin nuruu; 4). Khentii Mountain; 5). Sayan Mountains; 6). Bogd Khan Mountain
adjacent to the Khentii Mountain range in Tov province, Mongolia; 7). Himalaya, Pakistan; 8) Gobi (Great Gobi A Strictly Protected Area,
Mongolia).

https:/doi.org/10.1371/journal.pone.0220746.9004
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Fig 5. Principal coordinate analysis (PCoA) on individual microsatellite genotypes. A) PCoA based on 13
microsatellite loci from 138 individual brown bears collected at 8 locations across Central Asia. B) PCoA of the bears in
6 geographic locations without Gobi and Himalaya. Each symbol represents a unique individual with symbol color and
shape denoting population of origin.

https://doi.org/10.1371/journal.pone.0220746.9005

previously unsampled brown bear populations in Central Asia, first, we documented high levels
of mtDNA and nDNA diversity in the Altai, Sayan, Buteeliin nuruu and Khentii populations,
but substantially lower diversity in the brown bear populations in Gobi and Himalaya. Second,
our data revealed 3 brown bear mtDNA phylogeographic groups among the bears of the region,
with clade 3al in Sayan, Khentii, and Buteeliin nuruu mountains, clade 3b in Altai, Sayan,
Buteeliin nuruu, Khentii, and Ikh Khyangan, and clade 6 in Gobi and Himalaya. Our results
also clarified the phylogenetic relationships with other brown bear mtDNA clades around the
world. Third, nDNA clustering analyses revealed different population subdivisions compared
to mtDNA results, especially for the brown bear populations in Gobi, Himalaya and Altai.
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Genetic diversity

The highest levels of genetic diversity in both mtDNA and nDNA data were observed in
brown bear populations in northern Mongolia. Brown bear populations in Altai, Sayan, Khen-
tii (including Buteeliin nuruu and Bogd Khan), and Ikh Khyangan were hypothesized to be
contiguous within Mongolia and with the large bear populations in Russia, China, and
Kazakhstan [6, 61]; our results supported that hypothesis. Large population sizes, with high
gene flow based on Fst results, likely explains the high mtDNA and nDNA genetic diversity of
brown bears in the Altai (Hd = 0.72, Ar = 3.06, Hg = 0.78), Sayan (Hd = 0.89, Ar = 3.38, Hg =
0.84), Khentii (Hd = 0.77, Ar = 2.98, Hg = 0.81), and Ikh Khyangan (Ar = 2.84, Hg = 0.72)
mountain ranges (Table 1). Because genetic diversity is a relative estimate, depending on the
selected loci, direct comparisons with values in the literature are limited. However, genetic
diversity of these northern Mongolian populations appears to be comparatively higher than
that of the larger brown bear populations that have been assessed with microsatellite loci in
North America [62-64] and Europe [65]. Our mtDNA results also revealed the potential his-
torical and contemporary gene flow among bears in these regions (Figs 2 and 3, S1, S2 and S4
Figs), especially between the Sayan, Buteeliiin and Khentii mountain ranges, where individuals
are part of the 3b2 clade and populations share common haplotypes CRHap8, CRHap13 (52
Table and S2 Fig).

The previously undescribed haplotypes found in this study are unique to Central Asian
brown bears. Brown bears in the Altai Mountains had 5 novel mtDNA haplotypes (Hap3--
Hap7 in CR). Both the Gobi (Hapl_CR and Hap2_CR) and Himalayan populations (Hap26 in
CR and Hap13 in COXII) had 2 novel haplotypes (S2 Table), which were previously reported
as control region (PA136, PA236) haplotypes [8].

We found that the genetic diversity of both Himalayan and Gobi bears was very low. We
chose a set of markers that were polymorphic in Gobi bears to facilitate individual identifica-
tion of samples collected from hair snares, but 3 of them (G10B, G10L, MU51) were mono-
morphic for Himalayan bears. Previous studies [66, 67] present more accurate comparisons of
genetic diversity of Gobi bears compared to other populations, because they used more micro-
satellite markers (24 loci) from Gobi and a large sample size of individuals (n = 28) from the
Himalaya. Therefore, the previous estimate [67] of overall low diversity (He = 0.29) in Gobi
bears, relative to other brown bears around the world, remains the best estimate of genetic
diversity of bears in this region. The Gobi bears have clearly been isolated and low in number
(< 40) for many decades, which has created significant genetic drift [68].

Mitochondrial DNA phylogeography

Our analysis of genetic variation of CR and COXII mtDNA sequences revealed that brown
bears from Central Asia included 3 divergent haplogroups that clustered into clades 3al, 3b,
and 6. The phylogeographic history of each mitochondrial lineage is examined below.

Clade 3a. The brown bears in Clade 3a have been divided into 2 main divergent groups
[8,9]: 1) subclade 3al is the most widely distributed clade throughout Eurasia, the Russian Far
East and Sakhalin, and western Alaska and has been studied extensively, and 2) subclade 3a2 is
only found in Central Hokkaido.

We found several haplotypes on both CR (CR_Hap8, CR_Hap16, CR_Hap19, and
CR_Hap25) and the COXII (COII_Hap5, COII_Hap12) in Khentii and Buteeliin nuruu that
fit within the 3al subclade (S2 Table). Additionally, 3 haplotypes (CR_Hap8, CR_Hap16,
COII_Hap5) are also widely distributed throughout Perm, Magadan, Krasnoyarsk, Sakhalin,
and western Alaska, suggesting shared historical female ancestry. Several authors [69, 70] have
proposed that the Carpathian Mountains was a refuge of ancient 3al brown bears, which
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expanded into Central Europe 54 kya. Other studies have suggested that populations in Asia,
especially the Altai-Sayan region, may have been one of the glacial refugia of 3al bears during
the global cooling period (Kindler et al. 2014) of the late Pleistocene 44-54 kya [56, 71, 72]. We
found 1 individual from the Sayan Mountain Range (500Br45Khu) with a private haplotype
(CR_Hap19); the rest of the 3al bears (n = 13) came from Buteeliin nuruu and Khentii
(CR_Hap8, CR_Hap16, CR_Hap25, and COII_Hap4), which are only 100-200 kilometers
from the Sayan Mountain Range. Our likelihood inference placed brown bears from Bulgaria
and Romania as a sister group to the rest of the 3al clade. This relationship is consistent with
the results of [56]. Keis et al. (2013) suggested that the recent divergence of subhaplogroups of
3al bears in the Khentii Mountains was the result of the last glaciation, as well as postglacial
conditions in Eurasia [10]. We recovered the same haplotype (400Sel) in Buteeliin nuruu as
has been found in Kodiak Island bears in Alaska (AB041258). This supports the hypothesis of
brown bear dispersal from Eurasia to western Alaska after the Bering Land Bridge [73] formed
about 11-13 kya, suggesting that 3al bears dispersed into western Alaska through Beringia
and also migrated into Kamchatka [56].

Our results were consistent with the previous divergence time estimates using the complete
mitochondrial genome, i.e., that subclades 3al and 3a2 diverged in the Eurasian continent
about 53 kya (95 CI: 21-95 kya) and then 3a2 moved earlier than 3al to Hokkaido Island
through Sakhalin [9, 56].

Clade 3b. We found brown bears in clade 3b throughout most sampling locations, includ-
ing the Altai, Sayan, Buteeliin nuruu, Khentii, and Ikh Khyangan mountains. Previously
brown bears of this clade have been found in Eastern Hokkaido, the Russian Far East, eastern
Alaska, and northern Canada [9, 17, 58]. The 3 subclades within 3b bears, including 3b1 in
Altai, 3b2 in the Sayan, Buteeliin nuruu, Khentii, and Ikh Khingan mountain ranges, and 3b3
in eastern Hokkaido did not have strong statistical support, but they were also identified in
our network analysis. A previous study found a few bears with 2 new haplotypes (H_337 and
T_12) in southern Tomsk and Krasnoyarsk Krai in Russia [72], which is ~300-400 km from
our sampled populations in the Sayan and Khentii mountains. These 2 haplotypes clustered
into the subclade 3b2 in our dataset, which also infers historic genetic connectivity between
these populations. Based on the high genetic variation in 3b1 bears from the Altai Mountains,
as well as the phylogenetic analysis, we suggest that a potential ancestral glacial refuge of clade
3b may have existed in the Altai Mountain Range, from which they perhaps dispersed into
central Russia, the Russian Far East, and western Alaska during the late Pleistocene between
0.13-0.38 mya. The environmental conditions in the Altai and Sayan regions (2 geographically
close mountain systems) were similar during the Last Glacial Maximum [74].

Clade 6. Gobi and Himalayan brown bears. Although these two geographically distant
populations are in the same clade, their haplotypes differed by 4 bp in COXII (671bp) in the
protein coding region and 1-2 bp in the control region (256 bp). The first phylogenetic paper
on Gobi bears [17] found that they were more closely related to European brown bears of the
western lineage than Asian bears of the eastern lineage, based on partial CR (269 bp) using
UPGMA and neighbor joining tree analyses [75]. That work included only one sample from
the Gobi and a few samples from Hokkaido, Tibet, and Europe. Subsequent studies [8, 18]
found that Gobi and Himalayan brown bears were closely related and grouped together into
clade 6, based on the partial CR fragment. Our Bayesian and Maximum Likelihood analyses,
using both mtDNA CR and COXII and with an increased sample size from the Gobi and Deo-
sai National Park, Pakistan, corroborated the results of Miller et al. (2006) and Galbreath et al.
(2007) [8, 18]. However, while our phylogenetic analyses are unable to resolve the relationships
among Himalayan and Gobi bears, our divergence dating analysis suggests the members of
this clade (Himalayan brown bears + Gobi bears) began diverging between 0.32-1.21 mya.
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Nuclear microsatellite DNA genetic groups

Our results based on nDNA analyses showed different patterns in genetic differentiation from
the mtDNA results. Pairwise Fgr and G”st between bears from the Gobi and Himalaya (Fgr =
0.308, G”st = 0.282) was greater than between the Gobi and Altai, Sayan, Khentii, and Ikh
Khyangan (Fst = 0.137-0.182, G”st = 0.120-0.143), suggesting more recent male-mediated
nuclear gene flow between the Gobi and the northern sampling areas than between the Gobi
and the Himalayan bears. Both the STRUCTURE and PCoA analyses indicated that Gobi
bears are genetically distinct and divergent from the bears in Himalaya, the Altai-Sayan region,
and Khentii (Figs 4 and 5). Small and isolated populations, like Gobi bears [67], are subject to
genetic drift, mediating reduction in genetic diversity.

In contrast to the mtDNA (clade 6) results, the genetic distance for nDNA microsatellite
loci between the bears in Gobi and the Altai (Fgr = 0.147) was closer than that of the Gobi and
Deosai National Park in the Himalayan Mountain Range (Fsr = 0.308). Bipaternal microsatel-
lite markers reveal more recent gene flow history than mtDNA analyses as well as male-medi-
ated gene flow and may therefore be more relevant for discerning current relationships
important for management and conservation. This discordant pattern has also been observed
in the ABC Islands in Alaska and in Scandinavia, where male brown bear gene flow has been
documented using nuclear microsatellite markers [62, 65]. However, studies based on mtDNA
sequences found two distinct and divergent clades between coastal and mainland brown bears
in North America and between northern and southern Scandinavia [7, 58, 76].

Understanding both historic and contemporary gene flow among geographically structured
populations provides information useful in both a basic evolutionary context and relevant to
management and conservation. Male brown bears exhibit great variability in average dispersal
distances [77], but occasionally disperse over long distances (467 km [78]). Accordingly, addi-
tional studies using nDNA markers (microsatellites or SNPs) showing biparental gene flow are
essential to reveal a clearer picture of current conditions, including geographically isolated
populations. Although mitochondrial DNA reveals long-term evolutionary history, it provides
only half the story, the maternal history of a species [79]. Female brown bears exhibit philopa-
tric behavior [77, 80], which has a big impact on mtDNA patterns [58]. Because of the high
rates of change in microsatellite loci, compared to the site-wise mutation rates in noncoding
DNA, the mutation rates are greater (0.0001 per locus per generation in general) than the
point mutation in mtDNA [81]. Thus, our microsatellite nDNA analysis was important to
investigate the more recent genetic relationships of the brown bear populations in Central
Asia during the last several hundreds and thousands of years.

Interestingly, the single historical sample (~100 years old) from Khovd showed admixed
ancestry in the STRUCTURE and PCoA analyses, which suggests relatively recent gene flow
between the bears in the Gobi and Altai. Previously (before 1940), the distribution of Gobi bears
was larger than their current distribution [82, 83]. Sign of Gobi bears was found ~70-100 km
north of the current Gobi bear distribution at Edren Ridge (~43° 80°N; 97° 20’E) and ~50 km
east in the Tost Mountain (43° 12°N; 100° 36’E). However, their distribution declined dramati-
cally during 1940-1970, due to the establishment of human settlements (e.g. Ekhiin gol and
Bayantooroi oases) close to water sources [14, 84]. The Trans-Altai Gobi Mountains are consid-
ered to be the eastern branch of the Tian Shan Mountains and the eastern spurs of the Mongo-
lian Altai Mountains. Thus, it appears that at least some male gene flow has occurred more
recently between the brown bears in Gobi and Altai Mountains than between Gobi and bears in
Pakistan, which is consistent with the biogeographic history of this area [85, 86].

STRUCTURE and PCoA analyses indicated that the Gobi brown bear population was the
most divergent of all groups sampled. However, there was also additional informative
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population structure revealed in these analyses. STRUCTURE at K = 3 and the PCoA results
revealed that the Himalaya population (mtDNA clade 6a) is the next most divergent followed
by the Altai Mountain population (mtDNA, clade 3b1). The historical corridors between those
two populations could have been the ridges of the Ugam, Pskem, Kirgiz, Talaz Alatau, Zailiy
Alatau, Kungey Alatau, Ter Alatau, Ketmen, Dzhungar Alatau, Saure, Tarbagataye, and South-
ern Latay regions in Kyrgystan, Kazakstan, China, and the Zhunghar Gobi in southwestern
Mongolia [87].

The degree of genetic differentiation observed among the Gobi and Himalayan populations
is larger than the average Fst between distinctive subpopulations in northwestern Europe
(0.051) [88]. Interestingly, the genetic differentiation between the southern (clade 1) and
northern (clade 3a) subpopulations of Scandinavian brown bears has decreased from Fgr =
0.051 to Fgr = 0.014 during 20 years [89], because of an annual population increase of 4.5%
and increased gene flow between these subpopulations [77, 90]. In contrast, a population
genetic study [64] found a high pairwise Fgr (0.23) between brown bear populations in the
South Selkirk Mountains in North America, which has been isolated for several decades from
the neighboring populations across a 5-km wide valley filled containing a town and rural
farms. Due to this restriction of gene flow for the small population (<100) in the area [91],
genetic diversity (He = 0.54) was reduced, compared to the neighboring populations
(He = 0.64-0.68).

For bears in the Sayan, Buteeliin nuruu and Khentii, and Ikh Khyangan mountain ranges,
our results indicate substantial gene flow, according to the results in a pairwise Fgr values
(0.026), STRUCTURE, and PCoA analyses. The Sayan, Buteeliin nuruu, and Khentii bears cur-
rently have haplotypes belonging to both clades 3al and 3b. Therefore, there is still potential
gene flow between the populations in the Altai and Sayan mountains through the Siilkhem
Mountains, although our study detected that the bears in the Altai have novel mtDNA haplo-
types of the 3b clade only in this region, as well as indications of divergence in both STRUC-
TURE and PCoA analyses using microsatellite loci. Anthropogenic factors, such as human
land use, grazing, farming, and new settlements in Mongolia and Russia, may now restrict
movements between populations in Altai and Sayan.

Interestingly, the Altai and Ikh Khyangan populations have genetic similarities, including
3b haplotypes, and small degree of shared ancestry based on STRUCTURE analyses. Also in
support of the genetic link between these separated bear populations was a unique sex-specific
X chromosome loci (SE47-48) loci, allele 232 that we found in all Gobi bears and in 2 females
from each Altai and Ikh Khyangan. These 4 bears were heterozygous containing a 232 allele, as
found in the Gobi, and a 240 allele, as found in other brown bear populations. Given that that
the geographic distance between the Altai and Ikh Khyangan sampling areas (> 2000 km) is
the furthest among the populations we sampled, these genetic similarities may be explained
through shared historical ancestry and connectivity. For instance, the coastal bears in Alaska
(mtDNA, 3al and 3b clades) and Kodiak bears (mtDNA, clade 3al) which crossed the Bering
Strait were eventually cut off with no gene flow, but still shared similar haplotypes with clade 3
bears in Eurasia.

Future conservation recommendations

Brown bear populations are classified as threatened or endangered across most of Central
Asia, due to anthropogenic effects combined with climate change [6, 15]. For effective wildlife
conservation and management of endangered populations, it is important to understand pop-
ulation distinctiveness by defining Evolutionary Significant Units (ESU) or Management
Units (MU), based on genetic data, ecology, life history, and adaptive differences. Although
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our mtDNA and nuclear microsatellite DNA results differed, our combined genetics results
indicated 3 divergent groups, the Gobi, Himalaya and Altai, which could be potential conser-
vation units. Brown bear populations in the Altai, Sayan, Buteeliin nuruu, Khentii, and Ikh
Khyangan have high genetic diversity and are likely connected with the large populations in
Russia and China. However, anthropogenic influences, such as hunting pressure, forest fires,
and habitat loss due to grazing and development, represent potential threats to these popula-
tions. Due to the small population size and isolated status (n = 22-31; [67]) of the Gobi brown
bears, this population warrants special protection and additional research. This may include
establishing new protected areas to allow natural recolonization of nearby adjacent areas that
were recently inhabited by bears. It is also possible that genetic and demographic augmenta-
tion from other Central Asian populations may be required to develop these complementary
adjacent populations to decrease extirpation risk through development of a metapopulation
[92].

Supporting information

S1 Table. Previously published ancient DNA information. Ancient DNA sequences from
brown bears and extinct cave bear were retrieved from Genbank database with their corre-
sponding accession number, species name, sample ID, references and sampling location. The
age estimates were based on uncalibrated radiocarbon years (years before present, years.B.P.)
as well as BEAST posterior estimates (also included 95% highest posterior density interval,
HPD).

(DOCX)

S2 Table. Brown bear haplotype distribution in Central Asia based on mitochondrial DNA
sequence data. The concatenated sequencing dataset includes 671 bp COXII and 261bp Con-
trol Region. Twenty-two new haplotypes for control region sequences and 12 new haplotypes
from COXII were identified in this study. Concatenated column gives the sample ID used in
the phylogenetic and divergence time analyses. The previously reported haplotypes are indi-
cated with the symbol (§) and the Genbank ID is in parentheses in the sample ID column.
(DOCX)

S3 Table. Genetic diversity estimates within-populations based on brown bear COXII
mitochondrial DNA data (671 bp). Description: n, number of individuals; S, variable sites;
Haplotype (gene) diversity, Hd; Nucleotide diversity, 7t; Average number of nucleotide differ-
ences, K.

(DOCX)

$4 Table. Genetic diversity within-populations, based on brown bear Control Region mito-
chondrial DNA data. Description: Gaps are excluded and the total sites 243 bp out of 261 bp.
n, number of individuals; S, variable sites; Haplotype (gene) diversity, Hd; Nucleotide diver-
sity, m; Average number of nucleotide differences, K.

(DOCX)

S1 Fig. Phylogenetic trees from analysis of brown bears, based on 927 bp mtDNA sequence
data. The concatenated sequencing dataset (927 bp) includes 671 bp COXII and 256 bp Con-
trol Region. a) Bayesian and b) Likelihood analyses. The samples with green dots are from our
study.

(TIF)

$2 Fig. Median-joining haplotype network from brown bear populations around the
world. The concatenated sequencing dataset (927 bp) includes 671 bp COXII and 256 bp
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Control Region. Colors in each node indicate the geographic sampling locations; the size of
the node indicate frequency of the haplotype. The hatches represent mutational differences in
the sequences. The names of the new haplotypes discovered in this study are given in the
underlined text on the nodes.

(TIF)

S3 Fig. Likelihood curves using the Evanno method [38]. The results are based on 13 loci
microsatellite dataset of Asian brown bears. A) The DeltaK results support K = 2 as the most
basic level of subdivision (Fig 4), which splits the Gobi bears from the Himalayan-Eurasian
Brown bears in the STRUCTURE analysis. B) STRUCTURE likelihood curve for K = 1-8.
(TIF)

S4 Fig. Structure results for K = 5, based on 13 brown bear microsatellite loci. Colors and
pie charts represent proportions of the ancestry belonging to each K. Pie charts and names
(with sample size) are in the general locations. The current brown bear distribution [6] is
highlighted as orange.

(TIF)

Acknowledgments

We would like to thank Dr. Jamsran Batbold, late acad. Javchiv Tsesrenjav, Dr. Adiya Yansan-
jav, Bayasgalan Amgalan, and Delgerchimeg Dawaasuren for the necessary permits and logisti-
cal support; Joel Tebbenkamp and Dr. Jean-Marc Constanzi for advice on the data analysis.
We thank Dr. Amgalan Luvsamjamba, Battsetseg Chuluunbaatar, Ulziisaikhan Tumendem-
berel, Chadsaldulam Odonjavkhlan, Tsogtjargal Garam, the late Dorjgotov Ayursed, Nyam-
bayar Yanjin, Enkhbold Erdenekhuu, Ankhbayar Buysentseteg, and Rebecca Watters for
sample collection. Comments from Tzen-Yuh Chiang, A. Grandal-d’Anglade and one anony-
mous reviewer on an earlier draft helped to improve this manuscript.

Author Contributions

Conceptualization: Odbayar Tumendemberel, Tuya Tserenbataa, Mijiddorj Batmunkh.
Data curation: Odbayar Tumendemberel, Jennifer R. Adams, Lisette P. Waits.

Formal analysis: Odbayar Tumendemberel.

Funding acquisition: Odbayar Tumendemberel, Andreas Zedrosser, Harry V. Reynolds,
Lisette P. Waits.

Investigation: Odbayar Tumendemberel.

Methodology: Odbayar Tumendemberel, Jack M. Sullivan, Sarah J. Jacobs.
Project administration: Odbayar Tumendemberel.

Resources: Odbayar Tumendemberel, Lisette P. Waits.

Supervision: Andreas Zedrosser, Michael F. Proctor, Tumennasan Khorloojav, Lisette P.
Waits.

Visualization: Odbayar Tumendemberel, Sarah J. Jacobs.
Writing - original draft: Odbayar Tumendemberel.

Writing - review & editing: Andreas Zedrosser, Michael F. Proctor, Harry V. Reynolds, Jack
M. Sullivan, Sarah J. Jacobs, Jon E. Swenson, Lisette P. Waits.

PLOS ONE | https://doi.org/10.1371/journal.pone.0220746  August 13, 2019 18/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220746.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220746.s008
https://doi.org/10.1371/journal.pone.0220746

@ PLOS|ONE

Phylogeography, genetic diversity, and connectivity of brown bears in Central Asia

References

1.

10.

11.

12

13.

14.

15.
16.

17.

18.

19.

20.

21,

Moritz C, Faith DP. Comparative phylogeography and the identification of genetically divergent areas
for conservation. Mol Ecol. 1998; 7(4):419-29. https://doi.org/10.1046/j.1365-294x.1998.00317.x
WOS:000073797200006.

Avise JC, Arnold J, Ball RM, Bermingham E, Lamb T, Neigel JE, et al. Intraspecific Phylogeography—
the Mitochondrial-DNA Bridge between Population-Genetics and Systematics. Annual Review of Ecol-
ogy and Systematics. 1987; 18:489-522. https://doi.org/10.1146/annurev.es.18.110187.002421 WOS:
A1987K958800020.

Boitani L, Powell RA. Carnivore ecology and conservation: a handbook of techniques: Oxford Univer-
sity Press; 2012.

Allendorf FW, Luikart G. Conservation and the genetics of populations: John Wiley & Sons; 2009.
Servheen C. Bears: status survey and conservation action plan: ITUCN; 1999.

McLellan BN, Proctor, M.F., Huber, D. & Michel, S. Ursus arctos (amended version of 2017 assess-
ment), The [IUCN Red List of Threatened Species 2017.2017.

Taberlet P, Bouvet J. Mitochondrial-DNA Polymorphism, Phylogeography, and Conservation Genetics
of the Brown Bear Ursus-Arctos in Europe. P Roy Soc B-Biol Sci. 1994; 255(1344):195-200. https://doi.
0rg/10.1098/rspb.1994.0028 WOS:A1994NC52400001. PMID: 8022838

Miller CR, Waits LP, Joyce P. Phylogeography and mitochondrial diversity of extirpated brown bear
(Ursus arctos) populations in the contiguous United States and Mexico. Mol Ecol. 2006; 15(14):4477—
85. https://doi.org/10.1111/j.1365-294X.2006.03097.x WOS:000242042800013. PMID: 17107477

Hirata D, Mano T, Abramov AV, Baryshnikov GF, Kosintsev PA, Vorobiev AA, et al. Molecular Phylo-
geography of the Brown Bear (Ursus arctos) in Northeastern Asia Based on Analyses of Complete Mito-
chondrial DNA Sequences. Mol Biol Evol. 2013; 30(7):1644-52. https://doi.org/10.1093/molbev/mst077
WOS:000321056200014. PMID: 23619144

Keis M, Remm J, Ho SYW, Davison J, Tammeleht E, Tumanov IL, et al. Complete mitochondrial
genomes and a novel spatial genetic method reveal cryptic phylogeographical structure and migration
patterns among brown bears in north-western Eurasia. Journal of Biogeography. 2013; 40(5):915-27.
https://doi.org/10.1111/jbi.12043 WOS:000317993000010.

Heptner VG. Mammals of the Soviet Union: Sirenia and Carnivora (Sea Cows; Wolves and Bears):
Smithsonian institution libraries and the national Science Foundation; 1998.

Guskov VY, Sheremetyeva |, Seryodkin |, Tyutenkov OY. Cranometric Variability in Brown Bears of the
Russian Far East. Biology Bulletin. 2018; 45(4):368-75.

Chestin IE, Gubar YP, Sokolov VE, Lobachev VS, editors. The brown bear (Ursus arctos L.) in the
USSR: numbers, hunting and systematics. Annales Zoologici Fennici; 1992: JSTOR.

Schaller G, Tulgat R, Narantsatsralt B. Observations on the Gobi brown bear in Mongolia. Bears of Rus-
sia and adjacent countries-state of populations Ministry of Environmental Protection, Moscow.
1993:110-25.

Shiirevdamba T. Mongolian Red Book Ulaanbaatar, Mongolia.: Admon Print Press; 2013.

Mace GM. The role of taxonomy in species conservation. Philosophical Transactions of the Royal Soci-
ety of London Series B-Biological Sciences. 2004; 359(1444):711-9. https://doi.org/10.1098/rstb.2003.
1454 WOS:000221082100013. PMID: 15253356

Masuda R, Murata K, Aiurzaniin A, Yoshida MC. Phylogenetic status of brown bears Ursus arctos of
Asia: A preliminary result inferred from mitochondrial DNA control region sequences. Hereditas. 1998;
128(3):277-80. https://doi.org/10.1111/j.1601-5223.1998.00277.x WOS:000075709500014. PMID:
9760876

Galbreath GJ, Groves CP, Waits LP. Genetic resolution of composition and phylogenetic placement of
the Isabelline Bear. Ursus. 2007; 18(1):129-31. https://doi.org/10.2192/1537-6176(2007)18[129:
Grocap]2.0.Co;2 WOS:000247168400014.

LanTY, Gill S, Bellemain E, Bischof R, Nawaz MA, Lindqvist C. Evolutionary history of enigmatic bears
in the Tibetan Plateau—Himalaya region and the identity of the yeti. P Roy Soc B-Biol Sci. 2017; 284
(1868). ARTN 2017180410.1098/rspb.2017.1804. WOS:000417194500015.

McLellan BN, Hovey FW. Natal dispersal of grizzly bears. Canadian Journal of Zoology. 2001; 79
(5):838—44.

De Barba M, Miquel C, Boyer F, Mercier C, Rioux D, Coissac E, et al. DNA metabarcoding multiplexing
and validation of data accuracy for diet assessment: application to omnivorous diet. Molecular Ecology
Resources. 2014; 14(2):306—23. https://doi.org/10.1111/1755-0998.12188 WOS:000331469500008.
PMID: 24128180

PLOS ONE | https://doi.org/10.1371/journal.pone.0220746  August 13, 2019 19/23


https://doi.org/10.1046/j.1365-294x.1998.00317.x
https://doi.org/10.1146/annurev.es.18.110187.002421
https://doi.org/10.1098/rspb.1994.0028
https://doi.org/10.1098/rspb.1994.0028
http://www.ncbi.nlm.nih.gov/pubmed/8022838
https://doi.org/10.1111/j.1365-294X.2006.03097.x
http://www.ncbi.nlm.nih.gov/pubmed/17107477
https://doi.org/10.1093/molbev/mst077
http://www.ncbi.nlm.nih.gov/pubmed/23619144
https://doi.org/10.1111/jbi.12043
https://doi.org/10.1098/rstb.2003.1454
https://doi.org/10.1098/rstb.2003.1454
http://www.ncbi.nlm.nih.gov/pubmed/15253356
https://doi.org/10.1111/j.1601-5223.1998.00277.x
http://www.ncbi.nlm.nih.gov/pubmed/9760876
https://doi.org/10.2192/1537-6176(2007)18[129:Grocap]2.0.Co;2
https://doi.org/10.2192/1537-6176(2007)18[129:Grocap]2.0.Co;2
https://doi.org/10.1111/1755-0998.12188
http://www.ncbi.nlm.nih.gov/pubmed/24128180
https://doi.org/10.1371/journal.pone.0220746

@ PLOS|ONE

Phylogeography, genetic diversity, and connectivity of brown bears in Central Asia

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Paetkau D, Strobeck C. Microsatellite Analysis of Genetic-Variation in Black Bear Populations. Mol
Ecol. 1994; 3(5):489-95. https://doi.org/10.1111/j.1365-294X.1994.tb00127.x WOS:
A1994PM97400005. PMID: 7952329

Meredith EP, Rodzen JA, Banks JD, Jones KC. Characterization of 29 tetranucleotide microsatellite loci
in black bear (Ursus americanus) for use in forensic and population applications. Conservation Genet-
ics. 2009; 10(3):693-6. https://doi.org/10.1007/s10592-008-9617-y

Breen M, Jouquand S, Renier C, Mellersh CS, Hitte C, Holmes NG, et al. Chromosome-specific single-
locus FISH probes allow anchorage of an 1800-marker integrated radiation-hybrid/linkage map of the
domestic dog genome to all chromosomes. Genome Res. 2001; 11(10):1784-95. https://doi.org/10.
1101/gr.189401 WOS:000171456000021. PMID: 11591656

Taberlet P, Camarra JJ, Griffin S, Uhres E, Hanotte O, Waits LP, et al. Noninvasive genetic tracking of
the endangered Pyrenean brown bear population. Mol Ecol. 1997; 6(9):869-76. https://doi.org/10.1111/
j.1365-294X.1997.tb00141.x WOS:A1997XV25000008. PMID: 9301075

Ennis S, Gallagher TF. A PCR-based sex-determination assay in cattle based on the bovine amelo-
genin locus. Animal Genetics. 1994; 25(6):425-7. https://doi.org/10.1111/.1365-2052.1994.tb00533.x
PMID: 7695123

Waits LP, Luikart G, Taberlet P. Estimating the probability of identity among genotypes in natural popu-
lations: cautions and guidelines. Mol Ecol. 2001; 10(1):249-56. PMID: 11251803

Peakall R, Smouse PE. GenAlEx 6.5: genetic analysis in Excel. Population genetic software for teach-
ing and research-an update. Bioinformatics. 2012; 28(19):2537-9. https://doi.org/10.1093/
bioinformatics/bts460 WOS:000309687500024. PMID: 22820204

Adams JR, Waits LP. An efficient method for screening faecal DNA genotypes and detecting new indi-
viduals and hybrids in the red wolf (Canis rufus) experimental population area. Conservation Genetics.
2007; 8(1):123-31. https://doi.org/10.1007/s10592-006-9154-5 WOS:000243187100011.

Miller CR, Joyce P, Waits LP. Assessing allelic dropout and genotype reliability using maximum likeli-
hood. Genetics. 2002; 160(1):357-66. PMID: 11805071

Excoffier L, Lischer HEL. Arlequin suite ver 3.5: a new series of programs to perform population genet-
ics analyses under Linux and Windows. Molecular Ecology Resources. 2010; 10(3):564—7. https://doi.
org/10.1111/1.1755-0998.2010.02847.x WOS:000276407300020. PMID: 21565059

Dieringer D, Schlotterer C. MICROSATELLITE ANALYSER (MSA): a platform independent analysis
tool for large microsatellite data sets. Molecular Ecology Notes. 2003; 3(1):167-9. https://doi.org/10.
1046/j.1471-8286.2003.00351.x WOS:000181651400055.

Szpiech ZA, Jakobsson M, Rosenberg NA. ADZE: a rarefaction approach for counting alleles private to
combinations of populations. Bioinformatics. 2008; 24(21):2498-504. https://doi.org/10.1093/
bioinformatics/btn478 WOS:000260381200012. PMID: 18779233

Weir BS, Cockerham CC. Estimating F-Statistics for the Analysis of Population-Structure. Evolution.
1984; 38(6):1358-70. https://doi.org/10.1111/j.1558-5646.1984.tb05657.x WOS:A1984TY40400017.
PMID: 28563791

Hedrick PW. A standardized genetic differentiation measure. Evolution. 2005; 59(8):1633—-8. PMID:
16329237

Puechmaille SJ. The program structure does not reliably recover the correct population structure when
sampling is uneven: subsampling and new estimators alleviate the problem. Molecular Ecology
Resources. 2016; 16(3):608-27. https://doi.org/10.1111/1755-0998.12512 WOS:000373954100003.
PMID: 26856252

Pritchard JK, Stephens M, Donnelly P. Inference of population structure using multilocus genotype
data. Genetics. 2000; 155(2):945-59. WOS:000087475100039. PMID: 10835412

Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of individuals using the software
STRUCTURE: a simulation study. Mol Ecol. 2005; 14(8):2611-20. https://doi.org/10.1111/j.1365-294X.
2005.02553.x WOS:000229961500029. PMID: 15969739

Earl DA, Vonholdt BM. STRUCTURE HARVESTER: a website and program for visualizing STRUC-
TURE output and implementing the Evanno method. Conservation Genetics Resources. 2012; 4
(2):359-61. https://doi.org/10.1007/s12686-011-9548-7 WOS:000303536400036.

Hou WR, Chen Y, Wu X, Hu JC, Peng ZS, Yang J, et al. A complete mitochondrial genome sequence of
Asian black bear Sichuan subspecies (Ursus thibetanus mupinensis). International Journal of Biological
Sciences. 2007; 3(2):85-90. WOS:000246980600003.

Katoh K, Standley DM. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Per-
formance and Usability. Mol Biol Evol. 2013; 30(4):772-80. https://doi.org/10.1093/molbev/mst010
WOS:000317002300004. PMID: 23329690

PLOS ONE | https://doi.org/10.1371/journal.pone.0220746  August 13, 2019 20/23


https://doi.org/10.1111/j.1365-294X.1994.tb00127.x
http://www.ncbi.nlm.nih.gov/pubmed/7952329
https://doi.org/10.1007/s10592-008-9617-y
https://doi.org/10.1101/gr.189401
https://doi.org/10.1101/gr.189401
http://www.ncbi.nlm.nih.gov/pubmed/11591656
https://doi.org/10.1111/j.1365-294X.1997.tb00141.x
https://doi.org/10.1111/j.1365-294X.1997.tb00141.x
http://www.ncbi.nlm.nih.gov/pubmed/9301075
https://doi.org/10.1111/j.1365-2052.1994.tb00533.x
http://www.ncbi.nlm.nih.gov/pubmed/7695123
http://www.ncbi.nlm.nih.gov/pubmed/11251803
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1093/bioinformatics/bts460
http://www.ncbi.nlm.nih.gov/pubmed/22820204
https://doi.org/10.1007/s10592-006-9154-5
http://www.ncbi.nlm.nih.gov/pubmed/11805071
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
http://www.ncbi.nlm.nih.gov/pubmed/21565059
https://doi.org/10.1046/j.1471-8286.2003.00351.x
https://doi.org/10.1046/j.1471-8286.2003.00351.x
https://doi.org/10.1093/bioinformatics/btn478
https://doi.org/10.1093/bioinformatics/btn478
http://www.ncbi.nlm.nih.gov/pubmed/18779233
https://doi.org/10.1111/j.1558-5646.1984.tb05657.x
http://www.ncbi.nlm.nih.gov/pubmed/28563791
http://www.ncbi.nlm.nih.gov/pubmed/16329237
https://doi.org/10.1111/1755-0998.12512
http://www.ncbi.nlm.nih.gov/pubmed/26856252
http://www.ncbi.nlm.nih.gov/pubmed/10835412
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
http://www.ncbi.nlm.nih.gov/pubmed/15969739
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1093/molbev/mst010
http://www.ncbi.nlm.nih.gov/pubmed/23329690
https://doi.org/10.1371/journal.pone.0220746

@ PLOS|ONE

Phylogeography, genetic diversity, and connectivity of brown bears in Central Asia

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

Rozas J, Ferrer-Mata A, Sanchez-DelBarrio JC, Guirao-Rico S, Librado P, Ramos-Onsins SE, et al.
DnaSP 6: DNA Sequence Polymorphism Analysis of Large Data Sets. Mol Biol Evol. 2017; 34
(12):3299-302. https://doi.org/10.1093/molbev/msx248 WOS:000416178900023. PMID: 29029172

Bon C, Caudy N, de Dieuleveult M, Fosse P, Philippe M, Maksud F, et al. Deciphering the complete
mitochondrial genome and phylogeny of the extinct cave bear in the Paleolithic painted cave of Chau-
vet. P Natl Acad Sci USA. 2008; 105(45):17447-52. https://doi.org/10.1073/pnas.0806143105
WOS:000260981800052. PMID: 18955696

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Research. 2004; 32(5):1792-7. https://doi.org/10.1093/nar/gkh340 WOS:000220487200025.
PMID: 15034147

Swofford D. PAUP*: phylogenetic analysis using parsimony (* and other methods). Sunderland, MA.
Sinauer Associates; 2002.

Zwickl DJ. Genetic algorithm approaches for the phylogenetic analysis of large biological sequence
datasets under the maximum likelihood criterion 2006.

Sukumaran J, Holder MT. DendroPy: a Python library for phylogenetic computing. Bioinformatics.
2010; 26(12):1569-71. https://doi.org/10.1093/bioinformatics/btq228 WOS:000278689000066. PMID:
20421198

Ronquist F, Teslenko M, Van Der Mark P, Ayres DL, Darling A, Hohna S, et al. MrBayes 3.2: efficient
Bayesian phylogenetic inference and model choice across a large model space. 2012; 61(3):539—42.
https://doi.org/10.1093/sysbio/sys029 PMID: 22357727

Drummond AJ, Suchard MA, Xie D, Rambaut AJMb, evolution. Bayesian phylogenetics with BEAUHi
and the BEAST 1.7.2012; 29(8):1969-73.

Bouckaert R, Heled J, Kuhnert D, Vaughan T, Wu CH, Xie D, et al. BEAST 2: A Software Platform for
Bayesian Evolutionary Analysis. Plos Computational Biology. 2014; 10(4). ARTN e100353710.1371/
journal.pcbi.1003537. WOS:000336507500022.

Gustafson EP. The vertebrate faunas of the Pliocene Ringold Formation, south-central Washington.
1978.

Hailer F, Kutschera VE, Hallstrom BM, Klassert D, Fain SR, Leonard JA, et al. Nuclear Genomic
Sequences Reveal that Polar Bears Are an Old and Distinct Bear Lineage. Science. 2012; 336
(6079):344-7. https://doi.org/10.1126/science.1216424 WOS:000302995400045. PMID: 22517859

Liu SP, Lorenzen ED, Fumagalli M, Li B, Harris K, Xiong ZJ, et al. Population Genomics Reveal Recent
Speciation and Rapid Evolutionary Adaptation in Polar Bears. Cell. 2014; 157(4):785-94. https://doi.
org/10.1016/j.cell.2014.03.054 WOS:000335765500008. PMID: 24813606

Kumar V, Lammers F, Bidon T, Pfenninger M, Kolter L, Nilsson MA, et al. The evolutionary history of
bears is characterized by gene flow across species. Scientific Reports. 2017; 7. ARTN 4648710.1038/
srep46487. WOS:000399544100001.

Matsuhashi T, Masuda R, Mano T, Murata K, Aiurzaniin A. Phylogenetic relationships among worldwide
populations of the brown bear Ursus arctos. Zoological Science. 2001; 18(8):1137—43. https://doi.org/
10.2108/zsj.18.1137 WOS:000173038300012.

Anijalg P, Ho SYW, Davison J, Keis M, Tammeleht E, Bobowik K, et al. Large-scale migrations of brown
bears in Eurasia and to North America during the Late Pleistocene. Journal of Biogeography. 2018; 45
(2):394-405. https://doi.org/10.1111/jbi. 13126 WOS:000424642900011.

Randi E, Gentile L, Boscagli G, Huber D, Roth HU. Mitochondrial-DNA Sequence Divergence among
Some West-European Brown Bear (Ursus-Arctos L) Populations—Lessons for Conservation. Heredity.
1994; 73:480-9. https://doi.org/10.1038/hdy.1994.146 WOS:A1994PP90000003. PMID: 7960923

Waits LP, Talbot SL, Ward RH, Shields GF. Mitochondrial DNA phylogeography of the North American
brown bear and implications for conservation. Conservation Biology. 1998; 12(2):408—17. https://doi.
org/10.1046/j.1523-1739.1998.96351.x WOS:000073215200019.

Barnes I, Matheus P, Shapiro B, Jensen D, Cooper A. Dynamics of Pleistocene population extinctions
in Beringian brown bears. Science. 2002; 295(5563):2267-70. https://doi.org/10.1126/science.
1067814 WOS:000174561700046. PMID: 11910112

Calvignac S, Hughes S, Hanni C. Genetic diversity of endangered brown bear (Ursus arctos) popula-
tions at the crossroads of Europe, Asia and Africa. Diversity and Distributions. 2009; 15(5):742-50.
https://doi.org/10.1111/j.1472-4642.2009.00586.x WOS:000269264300002.

Badamjav L, Batmunkh M. The status of bears in Mongolia. Japan Bear Network 2007.

Paetkau D, Shields GF, Strobeck C. Gene flow between insular, coastal and interior populations of
brown bears in Alaska. Mol Ecol. 1998; 7(10):1283-92. https://doi.org/10.1046/j.1365-294x.1998.
00440.x WOS:000076346800003. PMID: 9787441

PLOS ONE | https://doi.org/10.1371/journal.pone.0220746  August 13, 2019 21/23


https://doi.org/10.1093/molbev/msx248
http://www.ncbi.nlm.nih.gov/pubmed/29029172
https://doi.org/10.1073/pnas.0806143105
http://www.ncbi.nlm.nih.gov/pubmed/18955696
https://doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
https://doi.org/10.1093/bioinformatics/btq228
http://www.ncbi.nlm.nih.gov/pubmed/20421198
https://doi.org/10.1093/sysbio/sys029
http://www.ncbi.nlm.nih.gov/pubmed/22357727
https://doi.org/10.1126/science.1216424
http://www.ncbi.nlm.nih.gov/pubmed/22517859
https://doi.org/10.1016/j.cell.2014.03.054
https://doi.org/10.1016/j.cell.2014.03.054
http://www.ncbi.nlm.nih.gov/pubmed/24813606
https://doi.org/10.2108/zsj.18.1137
https://doi.org/10.2108/zsj.18.1137
https://doi.org/10.1111/jbi.13126
https://doi.org/10.1038/hdy.1994.146
http://www.ncbi.nlm.nih.gov/pubmed/7960923
https://doi.org/10.1046/j.1523-1739.1998.96351.x
https://doi.org/10.1046/j.1523-1739.1998.96351.x
https://doi.org/10.1126/science.1067814
https://doi.org/10.1126/science.1067814
http://www.ncbi.nlm.nih.gov/pubmed/11910112
https://doi.org/10.1111/j.1472-4642.2009.00586.x
https://doi.org/10.1046/j.1365-294x.1998.00440.x
https://doi.org/10.1046/j.1365-294x.1998.00440.x
http://www.ncbi.nlm.nih.gov/pubmed/9787441
https://doi.org/10.1371/journal.pone.0220746

@ PLOS|ONE

Phylogeography, genetic diversity, and connectivity of brown bears in Central Asia

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Paetkau D, Waits LP, Clarkson PL, Craighead L, Vyse E, Ward R, et al. Variation in genetic diversity
across the range of North American brown bears. Conservation Biology. 1998; 12(2):418-29. https://
doi.org/10.1046/j.1523-1739.1998.96457.x WOS:000073215200020.

Proctor MF, McLellan BN, Strobeck C, Barclay RMR. Genetic analysis reveals demographic fragmenta-
tion of grizzly bears yielding vulnerably small populations. P Roy Soc B-Biol Sci. 2005; 272
(1579):2409-16. https://doi.org/10.1098/rspb.2005.3246 WOS:000233084300011. PMID: 16243699

Waits L, Taberlet P, Swenson JE, Sandegren F, Franzen R. Nuclear DNA microsatellite analysis of
genetic diversity and gene flow in the Scandinavian brown bear (Ursus arctos). Mol Ecol. 2000; 9
(4):421-31. https://doi.org/10.1046/j.1365-294x.2000.00892.x WOS:000086284800005. PMID:
10736045

Bellemain E, Nawaz MA, Valentini A, Swenson JE, Taberlet P. Genetic tracking of the brown bear in
northern Pakistan and implications for conservation. Biological Conservation. 2007; 134(4):537—-47.
https://doi.org/10.1016/j.biocon.2006.09.004 WOS:000244769800008.

Tumendemberel O, Proctor M, Reynolds H, Boulanger J, Luvsamjamba A, Tserenbataa T, et al. Gobi
bear abundance and inter-oases movements, Gobi Desert, Mongolia. Ursus. 2015; 26(2):129—42.
https://doi.org/10.2192/Ursus-D-15-00001.1 WOS:000368043500006.

Nei M, Maruyama T, Chakraborty R. Bottleneck Effect and Genetic-Variability in Populations. Evolution.
1975; 29(1):1-10. https://doi.org/10.1111/j.1558-5646.1975.tb00807.x WOS:A1975W198800001.
PMID: 28563291

Saarma U, Ho SYW, Pybus OG, Kaljuste M, Tumanov IL, Kojola |, et al. Mitogenetic structure of brown
bears (Ursus arctos L.) in northeastern Europe and a new time frame for the formation of European
brown bear lineages. Mol Ecol. 2007; 16(2):401-13. https://doi.org/10.1111/j.1365-294X.2006.03130.x
WO0S:000243305200013. PMID: 17217353

Sommer RS, Benecke N. The recolonization of Europe by brown bears Ursus arctos Linnaeus, 1758
after the Last Glacial Maximum. Mammal Review. 2005; 35(2):156—64. https://doi.org/10.1111/j.1365-
2907.2005.00063.x WOS:000229281200002.

Korsten M, Ho SYW, Davison J, Pahn B, Vulla E, Roht M, et al. Sudden expansion of a single brown
bear maternal lineage across northern continental Eurasia after the last ice age: a general demographic
model for mammals? Mol Ecol. 2009; 18(9):1963-79. https://doi.org/10.1111/].1365-294X.2009.04163.
x WOS:000265189400014. PMID: 19434812

Salomashkina VV, Kholodova MV, Tuten’kov OY, Moskvitina NS, Erokhin NG. New data on the phylo-
geography and genetic diversity of the brown bear Ursus arctos Linnaeus, 1758 of Northeastern Eur-
asia (MtDNA control region polymorphism analysis). Biology Bulletin. 2014; 41(1):38-46. https://doi.
org/10.1134/51062359014010087 WOS:000330775300006.

Ognev SJG, Moscow, Leningrad. The mammals of eastern Europe and northern Asia. Vol. 2. Carni-
vores. 1931.

Frenzel B, Pecsi,M, Velichko,Aa. Atlas of Paleoclimates and Paleoenvironments of the Northern-Hemi-
sphere—Late Pleistocene—Holocene Geographical Research Institute, Hungarian Academy of Sci-
ences, Budapest, 1992.

Saitou N, Nei M. On the Maximum-Likelihood Method for Molecular Phylogeny. Japanese Journal of
Genetics. 1987; 62(6):547-8. WOS:A1987M147000126.

Talbot SL, Shields GF. Phylogeography of brown bears (Ursus arctos) of Alaska and paraphyly within
the Ursidae. Molecular Phylogenetics and Evolution. 1996; 5(3):477—-94. https://doi.org/10.1006/mpev.
1996.0044 WOS:A1996UN27600004. PMID: 8744762

Swenson JE, Sandegren F, Soderberg A. Geographic expansion of an increasing brown bear popula-
tion: evidence for presaturation dispersal. Journal of Animal Ecology. 1998; 67(5):819-26. https://doi.
org/10.1046/j.1365-2656.1998.00248.x WOS:000076100300013.

Stoen OG, Zedrosser A, Saebo S, Swenson JE. Inversely density-dependent natal dispersal in brown
bears Ursus arctos. Oecologia. 2006; 148(2):356—64. https://doi.org/10.1007/s00442-006-0384-5
WOS:000238425500019. PMID: 16489458

Potter S, Hutchison C, Newbold J, Edgell M. Maternal Inheritance of Mammalian Mitochondrial-DNA.
Genetics. 1974; 77:552—-S. WOS:A1974T641200150.

Zedrosser A, Stoen OG, Saebo S, Swenson JE. Should | stay or should | go? Natal dispersal in the
brown bear. Animal Behaviour. 2007; 74:369-76. https://doi.org/10.1016/j.anbehav.2006.09.015
WOS:000250180700002.

Goldstein DB, Linares AR, Cavallisforza LL, Feldman MW. An Evaluation of Genetic Distances for Use
with Microsatellite Loci. Genetics. 1995; 139(1):463—71. WOS:A1995PZ24800040. PMID: 7705647

Bannikov AG. Mammals of the Mongolian People’s Republic. Nauka, Russian Academy of Sciences
1954.

PLOS ONE | https://doi.org/10.1371/journal.pone.0220746  August 13, 2019 22/23


https://doi.org/10.1046/j.1523-1739.1998.96457.x
https://doi.org/10.1046/j.1523-1739.1998.96457.x
https://doi.org/10.1098/rspb.2005.3246
http://www.ncbi.nlm.nih.gov/pubmed/16243699
https://doi.org/10.1046/j.1365-294x.2000.00892.x
http://www.ncbi.nlm.nih.gov/pubmed/10736045
https://doi.org/10.1016/j.biocon.2006.09.004
https://doi.org/10.2192/Ursus-D-15-00001.1
https://doi.org/10.1111/j.1558-5646.1975.tb00807.x
http://www.ncbi.nlm.nih.gov/pubmed/28563291
https://doi.org/10.1111/j.1365-294X.2006.03130.x
http://www.ncbi.nlm.nih.gov/pubmed/17217353
https://doi.org/10.1111/j.1365-2907.2005.00063.x
https://doi.org/10.1111/j.1365-2907.2005.00063.x
https://doi.org/10.1111/j.1365-294X.2009.04163.x
https://doi.org/10.1111/j.1365-294X.2009.04163.x
http://www.ncbi.nlm.nih.gov/pubmed/19434812
https://doi.org/10.1134/S1062359014010087
https://doi.org/10.1134/S1062359014010087
https://doi.org/10.1006/mpev.1996.0044
https://doi.org/10.1006/mpev.1996.0044
http://www.ncbi.nlm.nih.gov/pubmed/8744762
https://doi.org/10.1046/j.1365-2656.1998.00248.x
https://doi.org/10.1046/j.1365-2656.1998.00248.x
https://doi.org/10.1007/s00442-006-0384-5
http://www.ncbi.nlm.nih.gov/pubmed/16489458
https://doi.org/10.1016/j.anbehav.2006.09.015
http://www.ncbi.nlm.nih.gov/pubmed/7705647
https://doi.org/10.1371/journal.pone.0220746

@ PLOS|ONE

Phylogeography, genetic diversity, and connectivity of brown bears in Central Asia

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

Zhirnov L, llyinskii V. Bolishoi Gobiiskii zapovednik-ubezhishche redkikh zhivotnykh pustyn i Tsentrali-
noi Azii (The Great Gobi Nature Reserve as the Shelter for Rare Animals of Central Asian Steppes),
Moscow: Gos. J Kom Nauke Tekh. 1985.

Sokolov VE, Dulamtseren S, Khotolkhu N, Orlov VN. Rare species of hoofed in Great Gobi Nature
Reserve (Mongolia): modern status and prospects. Geografiya i dinamika rastite'nogo i zhivotnogo
mira Mongol’skoi Narodnoi Respubliki. 1978; 10:112-24.

Bold A. Mongolian brown bear and mazaalai. Scientific Proceedings of the Institute of Biology of the
Mongolian Academy of Sciences. 1967; 2:5-50.

Sokolov V, Orlov V, editors. A new species of present bears—Ursus gobiensis sp. n.-mazaalai or Gobi
bear. Internationales Symposium Erforschung biologischer Ressourcen der Mongolei in Deutschland
vom 2503-3003 1992 Thesen zu den wissenschaftlichen Beitragen Halle; 1992.

Grachev YA, Smirnova ED. Ecology of the European Brown Bear (Ursus-Arctos-Isabellinus) in the
Aksu-Jabagly-State-Reserve (West Tian-Shan). Zoologichesky Zhurnal. 1982; 61(8):1242-52. WOS:
A1982PG61700014.

Kopatz A, Eiken HG, Hagen SB, Ruokonen M, Esparza-Salas R, Schregel J, et al. Connectivity and
population subdivision at the fringe of a large brown bear (Ursus arctos) population in North Western
Europe. Conservation Genetics. 2012; 13(3):681-92. https://doi.org/10.1007/s10592-012-0317-2
WOS:000303476900006.

Kopatz A, Eiken HG, Schregel J, Aspi J, Kojola |, Hagen SB. Genetic substructure and admixture as
important factors in linkage disequilibrium-based estimation of effective number of breeders in recover-
ing wildlife populations. Ecology and Evolution. 2017; 7(24):10721-32. https://doi.org/10.1002/ece3.
3577 WOS:000418824800022. PMID: 29299252

Kindberg J, Swenson JE, Ericsson G, Bellemain E, Miquel C, Taberlet P. Estimating population size
and trends of the Swedish brown bear Ursus arctos population. Wildlife Biology. 2011; 17(2):114-23.
https://doi.org/10.2981/10-100 WOS:000293263100001.

Wakkinen WL, Kasworm WFJU. Demographics and population trends of grizzly bears in the Cabinet—
Yaak and Selkirk Ecosystems of British Columbia, Idaho, Montana, and Washington. 2004; 15(1):65—
75.

Hanski |. Metapopulation dynamics. Nature. 1998; 396(6706):41.

PLOS ONE | https://doi.org/10.1371/journal.pone.0220746  August 13, 2019 23/23


https://doi.org/10.1007/s10592-012-0317-2
https://doi.org/10.1002/ece3.3577
https://doi.org/10.1002/ece3.3577
http://www.ncbi.nlm.nih.gov/pubmed/29299252
https://doi.org/10.2981/10-100
https://doi.org/10.1371/journal.pone.0220746

