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Bears are fascinating mammals because of their complex pattern of speciation and rapid
evolution of distinct phenotypes. Interspecific hybridization has been common and has
shaped the complex evolutionary history of bears. In this study, based on the largest
population-level genomic dataset to date involving all Ursinae species and recently
developed methods for detecting hybrid speciation, we provide explicit evidence for the
hybrid origin of Asiatic black bears, which arose through historical hybridization
between the ancestor of polar bear/brown bear/American black bears and the ancestor
of sun bear/sloth bears. This was inferred to have occurred soon after the divergence of
the two parental lineages in Eurasia due to climate-driven population expansion and
dispersal. In addition, we found that the intermediate body size of this hybrid species
arose from its combination of relevant genes derived from two parental lineages of con-
trasting sizes. This and alternate fixation of numerous other loci that had diverged
between parental lineages may have initiated the reproductive isolation of the Asiatic
black bear from its two parents. Our study sheds further light on the evolutionary his-
tory of bears and documents the importance of hybridization in new species formation
and phenotypic evolution in mammals.
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Bears are fascinating mammals with a complex pattern of speciation and rapid evolu-
tion of distinct phenotypes (1). Natural hybrids and genetic studies have indicated that
pervasive interspecific hybridization shaped their complex evolutionary history, particu-
larly among the six bear species of the subfamily Ursinae (2–4). Ursinae comprises six
genetically closely related and morphologically distinct extant species (polar bear, brown
bear, American black bear, sun bear, sloth bear, and Asiatic black bear) whose origin can
be traced back to the extremely recent early-Pliocene epoch (∼5 Ma) (4). The most strik-
ing aspect of bear evolution is the puzzle of the evolutionary relationship between polar
bears and brown bears, which are known to mate and produce viable and fertile hybrids
both in the wild and in captivity (5, 6). Although polar bears and brown bears have been
considered to be two distinct lineages on the basis of nuclear genomic and Y chromo-
some data studies (1, 7, 8), analyses of mitochondrial (mt) DNA identified polar bear mt
haplotypes as falling within the range of diversity of brown bear mt haplotypes, with the
polar bear mt haplotypes being most closely related to those of brown bear on Alaska’s
ABC islands (9). After more than two decades of extensive genetic research and debates,
recent studies found that the brown bears of the ABC islands originated from sex-biased
hybridization between brown bears and polar bears (10, 11).
Interspecific hybridization is not limited to the most recently diverged polar and

brown bears; it has been reported to be universal among extant Ursinae bears (3, 4)
and even between them and extinct bears (12), as inferred from extensive phylogenetic
discordance observed across loci. In particular, ancient introgression between Asiatic
black bears and the ancestor of polar, brown and American black bears has been used
to explain the observed conflict between gene trees and the consensus species tree (4).
The Asiatic black bear was placed as a sister group to the polar bear/brown bear/Ameri-
can black bear clade in most gene trees, while it grouped with the sun bear/sloth bear
clade in the consensus species tree (3, 4), suggesting a complex evolutionary history for
the Asiatic black bear. In addition, as seen from morphological features and geographic
distributions, all species in the polar/brown/American black bear clade are large bears
and inhabit high-latitude regions (hereafter referred to as the North Group) (13, 14).
The sun/sloth bear clade consists of two species of small bears distributed in low-
latitude regions (hereafter referred to as the South Group) (13, 14). Interestingly, the
Asiatic black bear is an intermediate-sized bear, being smaller than North Group bears
and larger than South Group bears, and it is widely distributed in regions of intermedi-
ate latitude, partially overlapping with the distributions of the other two clades of bears
(13, 14) (Fig. 1A and SI Appendix, Table S1). The conflicting phylogenetic
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relationships, intermediate phenotype, and ecological diver-
gence with partial spatial overlap have raised interest in the evo-
lutionary origin of the Asiatic black bear. Whether this species
arose through hybridization between the ancestor of the North
Group and the ancestor of the South Group has hitherto
remained unexplored.
To address this issue, we newly generated 43 bear genomes

and analyzed these data alongside 18 publicly available genomes.
Based on the largest population-level genomic dataset to date
involving all Ursinae bears and multiple methods for detection
of hybrid speciation, which can be disentangled from the effects
of incomplete lineage sorting (ILS) and introgression as well as
ancestral subdivision, we provide explicit evidence for the hybrid
origin of the Asiatic black bear, which emerged from historical
hybridization between the ancestor of the polar bear/brown
bear/American black bear and the ancestor of the sun bear/sloth
bear. In addition, we identified key genes involved in the inter-
mediate body size phenotype and propose the likely mechanism
of reproductive isolation (RI) from the parental lineages. This
study sheds further light on the evolutionary history of bears and
documents the importance of hybridization in new species for-
mation and phenotypic evolution in mammals.

Results

Genomic Sequencing and Single-Nucleotide Polymorphism
(SNP) Calling. Individual genome resequencing of 60 bears
from Ursinae and one spectacled bear used as the outgroup, at
an average of 31.59 ± 8.33-fold, was carried out for population
genomic analyses (SI Appendix, Table S2). The average rate of
alignment to the reference genome was 91.60% ± 7.19% (SI
Appendix, Table S2). SNP calling and filtering produced a total
of 100.96 million high-quality variants.

Phylogenetic Conflict across Nuclear Autosomal Genomes of
Bears. Two phylogenetic methods, MP-EST (based on all 100-kb
window sequences and protein-coding gene sequences, respectively)
and SVDquartets (based on all autosomal SNPs), produced the
same topology as that proposed in previous studies (3, 4), with
strong support (100%) for all interspecific-level branches, in which
the six Ursinae bears are divided into two lineages, one consisting
of American black, polar, and brown bears (i.e., the North Group)
and the other of Asiatic black, sun, and sloth bears (i.e., Asiatic
black bear and the South Group) (Fig. 1B).
Further phylogenetic trees reconstruction from sliding win-

dows across the genome showed that, regardless of window size
(50, 100, or 200 kb), two tree topologies (referred to as Tree-1
and Tree-2) accounted for the greatest proportion of trees, and
the proportions of Tree-1 and Tree-2 were similar (Fig. 1C
and SI Appendix, Fig. S1) (Tree-1 represented 19.3%, 26.8%,
and 34.7% for window sizes of 50, 100 and 200 kb, respec-
tively; Tree-2 made up 19.4%, 27.4%, and 35.1% for window
sizes of 50, 100, and 200 kb, respectively). Tree-1 was identical
to the species tree, while Tree-2 grouped Asiatic black bears
with the North Group. In comparison, the other tree topolo-
gies, including one that clustered North and South group bear
species together as sister taxa, with the exclusion of the Asiatic
black bear (referred as Tree-3) (0.8%, 0.5%, and 0.2% for win-
dow sizes of 50, 100, and 200 kb, respectively), occurred at rel-
atively much lower frequency (P < 0.05 for Tree-1 vs. Tree-3
and for Tree-2 vs. Tree-3) (Fig. 1C and SI Appendix, Fig. S1).
Sliding window tree analyses along the Asiatic black bear
genome also revealed mosaic clustering of Asiatic black bear
with the North Group or the South Group (Fig.1D). In

addition, network analyses identified conflicting phylogenetic
signals, particularly among Asiatic black bear, the North
Group, and the South Group, as seen from the complex net-
work with square and cuboid-like structures that they formed
(Fig. 1E and SI Appendix, Fig. S2).

It should be noted that most of the observed phylogenetic con-
flict could be attributed to Tree-2, which occupied a high propor-
tion, almost equal to that of the species tree Tree-1 (Fig. 1C and
SI Appendix, Fig. S1). This observation is unlikely to be explained
by ILS, as one would expect that under this scenario Tree-2 and
Tree-3 would occur in equal proportions due to the random sort-
ing of ancestral polymorphisms. Additional D-statistics analyses,
in which D-values were significantly different from zero (SI
Appendix, Table S3), further supported the ancient hybridization
event and the hybrid origin of Asiatic black bear.

Asiatic Black Bear Is of Hybrid Origin Based on Its Admixed
Genome. According to the results of phylogenetic analyses and
D-statistics for genomic variations, the Asiatic black bear origi-
nated from ancient hybridization between the ancestor of the
North Group and the ancestor of the South Group. To test
this hypothesis of the hybrid origin of the Asiatic black bear,
we used HyDe analyses in which the ancestral North Group
and the ancestral South Group were set as the two putative
parental lineages. A significant signal of hybridization was
observed between the ancestral North Group and the ancestral
South Group lineages to produce the hybrid species Asiatic
black bear (SI Appendix, Table S4) (P < 0.05). The γ parameter
estimated from HyDe analysis indicated the genomic hybrid
origin of the Asiatic black bear with 57.5% contribution from
the ancestral North Group and 42.5% from the ancestral
South Group to the Asiatic black bear in this case. This almost
equal genomic contribution from two parental lineages to the
admixed genome of the Asiatic black bear is consistent with the
observation that nearly equal proportions of the two tree topol-
ogies grouped this hybrid species with the two parental lineages
respectively in the windowed tree analyses (Fig. 1C). Estimates
of γ for each Asiatic black bear individual sampled across the
whole species range (the south continental, the north continen-
tal, and the Japanese populations) (15) were remarkably similar
(ranging from 56.1 to 58.3%; all P < 0.05) (SI Appendix,
Table S5 and Fig. 2A). Additional HyDe windowed scans
across the genome showed that the dual parental ancestries
were distributed across the whole genome of all Asiatic black
bears (Fig. 2B). These results are compatible with an ancient
hybridization between the ancestor of the North Group and
the ancestor of the South Group that produced the Asiatic
black bear, rather than with recent introgression after it had
originated. If the latter case had applied, only a few, rather than
all, Asiatic black bear individuals from a wide geographic distri-
bution would show genetic mixture.

Principal component analyses (PCA) and FST analyses reca-
pitulated the HyDe results. Our PCA plot (PC1 and 2) showed
that all Asiatic black bears clustered together in a position inter-
mediate between the North and South groups (Fig. 2C). FST
analyses showed that population differentiation was signifi-
cantly higher between the North Group and the South Group
(FST = 0.6 ± 0.12) than between Asiatic black bear and either
the North Group (FST = 0.23 ± 0.05) or the South Group
(FST = 0.25 ± 0.05) (both P < 0.001) (Fig. 2D).

The Hybrid Origin of Asiatic Black Bears Based on Shared
Variations. We further used a recently developed test for detect-
ing hybrid speciation based on shared variations, which can
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differentiate between hybrid speciation and ancestral subdivision
(16). We considered two types of shared variations (insertion/
deletions [INDELs] and SNPs) from three bear lineages, Asiatic
black bear and its two presumed parental lineages, i.e., the North
Group and the South Group. Analyses of ∼14.52 Mb of shared
INDELs and ∼100.96 Mb of shared SNPs produced similar
results (Fig. 2E and SI Appendix, Fig. S3). First, based on the
shared variations, we could see that the North Group (N) and
South Group (S) lineages are more closely related to the hybrid
species Asiatic black bear (H) than to each other. A KKSC sig-
nificance test (17) supported a hybrid speciation model for
Asiatic black bear (P < 1.0E-16). To distinguish hybridization
from ancestral subdivision, we then used the spectacled bear
genome as outgroup (O) to identify ancestral variations (AVs).
We found that the shared AV proportions of SNO (S, N, and
O lineages) in SN (S and N lineages) were significantly higher
than the proportions of SHO (S, H, and O lineages) in SH
(S and H lineages) and NHO (N, H, and O lineages) in NH

(N and H lineages). In addition, phylogenetically informative
variations (PIVs) were more shared in both NH and SH than in
SN. Such patterns of distribution of AVs and PIVs were to be
expected from a hybrid speciation model (16). These findings
support the hybrid origin of Asiatic black bears.

Evolutionary Simulations of the Hybrid Origin of Asiatic Black
Bears. To further test the hybrid origin of Asiatic black bears,
we used fastsimcoal2 to simulate and infer the most likely evo-
lutionary scenario. Model comparisons showed that the model
of hybrid speciation, i.e., hybridization after the split of the
North and South groups followed by secondary gene flow,
fitted better than those in which bifurcating speciation was
followed by introgression (SI Appendix, Fig. S4 and Table S6).
This best-fitting model (Fig. 3 and SI Appendix, Tables S6 and
S7) indicated that the two parental lineages of Asiatic black
bears, i.e., the ancestral North Group and the ancestral South
Group, diverged at ∼5.91 Ma (with a 95% confidence interval
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Fig. 1. Geographic distribution and phylogenetic analyses of Ursinae. (A) Geographic distributions of six Ursinae species (IUCN, www.iucnredlist.org). PoB:
polar bear; BrB: brown bear; AmB: American black bear; AsB: Asiatic black bear; SuB: sun bear; SlB: sloth bear. (B) Species trees of six Ursinae species con-
structed by MP-EST and SVDquartets. Both analyses produced the same topology, with strong support (100%) for all interspecific-level branches. Spectacled
bear (SpB) was used as the outgroup. In the SVDquartets tree, the size of triangles for the species represents the number of individuals. (C) Distributions of
phylogenetic trees based on three window sizes (50, 100, and 200 kb). Tree-1, Tree-2, and Tree-3 correspond to the three phylogenetic topologies described
in the text. NG represents the North Group. SG represents the South Group. (D) Distributions of the phylogenetic tree topologies (Tree-1, Tree-2, Tree-3, and
Others) across the Asiatic black bear genome based on 100-kb sliding window. (E) Phylogenetic network analysis with a threshold level of 30% showing the
reticulate evolutionary history of the Asiatic black bear.
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of 4.57 to 5.94 Ma). Shortly after this split (∼0.25 My later,
corresponding to 25,000 generations later, i.e., ∼5.66 Ma with
a 95% confidence interval of 3.60 to 5.84 Ma), the two line-
ages hybridized, making almost equal contributions (50.7% from
the North Group and 49.3% from the South Group), to establish
the ancestral lineage of Asiatic black bears. After that, bidirectional
gene flow between the hybrid population and two parental line-
ages occurred, but the gene flow between the hybrid population
and the ancestral South Group was greater than that between it
and the ancestral North Group (SI Appendix, Table S7), which
may explain the grouping of Asiatic black bears with the South
Group observed in the species tree (Fig. 1B). Subsequently, along-
side the formation of the other bear species since ∼4.39 Ma (with
a 95% confidence interval of 2.47 to 5.53 Ma), there was still

substantial gene flow between Asian black bears and other extant
bear species (Fig. 3 and SI Appendix, Table S7).

In order to better understand the mechanisms by which
these species hybridized, we reconstructed an mt genome and a
Y chromosome gene tree (SI Appendix, Fig. S5). As was previ-
ously shown, based on a smaller number of Ursidae bear indi-
viduals than in the present study (3, 4), the Y chromosome
gene tree was identical to the species tree (SI Appendix, Fig.
S5A), while the mt genome tree clustered Asiatic black bears
with American black bears in the North Group, and sun bears
in the South Group was closely related to them, leaving the
sloth bear of the South Group at the base of the Ursinae tree
(SI Appendix, Fig. S5B). Gene flow analyses of mt genomes
based on MIGRATE-N (SI Appendix, Table S8) indicated
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Fig. 2. The hybrid origin of the Asiatic black bear based on HyDe, PCA, FST, and shared variations analyses. (A) HyDe analysis. AsB represents Asiatic black
bear. The y axis indicates the proportion of genetic mixture for each individual; blue represents genetic contribution (γ) from the North Group and red rep-
resents genetic contribution (1 � γ) from the South Group. (B) HyDe scans with 100-kb sliding windows across the genome of the Asiatic black bear. (C) PCA
results for 60 bears representing six Ursinae species. The inset bar plot shows the values of the 10 primary components, of which PC1 and PC2 explained
the greatest proportions of the variance. (D) Distributions and comparisons of genomic 100-kb windowed FST for the three population pairs (SG vs. AsB, NG
vs. AsB, and NG vs. SG). (E) Detection of hybrid speciation based on shared INDELs (S: South Group; H: Hybrid species Asiatic black bear; N: North Group; O:
Outgroup spectacled bear). (Top) Percentages of shared INDELs in SH (South Group and Hybrid species Asiatic black bear: red bars), NH (North Group and
Hybrid species Asiatic black bear: blue bars), and SN (South Group and North Group: yellow bars). A KKSC test supports the hybrid speciation model G(H)N.
(Middle) Proportion of AVs. The values of SH, NH, and SN were calculated based on the numbers of shared INDELs in SHO/SH, NHO/NH, and SNO/SN,
respectively. A Student’s t test of these data supported PSHO

PSH
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PSN
and PNHO
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. (Bottom) Percentages of shared phylogenetically informative variations in

SH, NH, and SN.
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strong gene flow from Asian black bears to both brown bears
and American black bears of the North Group. This signal,
however, was likely diluted in brown bears due to high levels of
gene flow from polar bears, leading to the clustering of Ameri-
can black bears as a sister group to Asiatic black bears. Gene
flow analyses of mt genomes based on MIGRATE-N (SI
Appendix, Table S8) further suggested that gene flow from the
North Group and Asiatic black bears to sun bears was stronger
than that to sloth bears. This result could explain the mt
genome tree topology, in which sun bears clustered with the
North Group and Asiatic black bears rather than sloth bears.
This observation is also consistent with the fact that the effec-
tive population size for the mt genome is substantially smaller
than that for the nuclear genome (18), which would facilitate
the fixation of an introgressed mt genome.
Ursinae species exhibit the behavioral traits of male-biased dis-

persal and female philopatry (14, 19, 20). Combined with the
mt genome results, in which all Asiatic black bears were clustered
with the North Group and also showed gene flow to North

Group bears, we suggest that Asiatic black bears may have origi-
nated from sex-biased hybridization through migration from
males of the ancestral South Group to the females of the ances-
tral North Group, followed by matrilineal introgression.

Genetic Basis of the Intermediate Body Size in Asiatic Black
Bears. The Asiatic black bear possesses morphological features,
particularly body size, that are intermediate between those of the
two assumed parental lineages (13, 14), potentially as a result of
its hybrid origin (21). To test this hypothesis, we performed
genomic scans using a modified HKA test (22) and a method to
detect positively selected genes (PSGs) that had diverged between
parents before hybridization and were then inherited from one
parent by the hybrid species (23). We identified 539 PSGs that
were inherited by Asiatic black bears from the North Group and
702 PSGs from the South Group (Fig. 4 A and B).

Gene Ontology (GO) analyses revealed that 111 PSGs out
of these two sets were significantly enriched for biological pro-
cesses related to body weight (GO: 0006869: lipid transport;
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Fig. 3. Evolutionary scenario simulations of the hybrid origin of the Asiatic black bear. TDIV1 represents the divergence time of the ancestor of subfamily
Ursinae; THybrid represents the time of the hybrid origin of the Asiatic black bear; TDIV2 represents the divergence time of the ancestor of the South Group;
TDIV3 represents the divergence time of the ancestor of the North Group; TDIV4 represents the divergence time of the ancestor of polar bears and brown
bears. Gray arrows represent introgressions between the Asiatic black bear and other bear species before and after species divergence. The thickness of
each of these arrows is proportional to the corresponding intensity of gene flow.
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GO: 0045834: positive regulation of lipid metabolic process;
GO: 0032787: monocarboxylic acid metabolic process; GO:
0008289: lipid binding; GO: 0070542: response to fatty acid)

(SI Appendix, Fig. S6). Among the top 20 PSGs that were
shared between Asiatic black bears and each of the two parental
lineages, respectively (SI Appendix, Tables S9 and S10), four of
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them (AKT2, PID1, MKRN1, and PRKAB1) (Fig. 4 A and B)
have been reported to be related to body weight loss or gain in
humans and mice (24–27).
Haplotype network analyses showed that the Asiatic black

bear haplotypes for the AKT2 and PID1 genes clustered within
those of large-sized North Group bears, while the Asiatic black
bear haplotypes for the MKRN1 and PRKAB1 clustered within
those of small-sized South Group bears (Fig. 4 C and 4D). Pre-
vious functional studies in mice indicated that AKT2 deficiency
resulted in weight loss (27), while PID1 overexpression resulted
in weight gain (25). The MKRN1 and PRKAB1 genes, on the
other hand, are both involved in glucose and lipid metabolisms,
and their deficiency led to glucose consumption and lipid accu-
mulation, and ultimately weight gain (24, 26).
SNPs under selection in these four genes (SI Appendix, Table

S11) were located in either the promotor region or the coding
sequence region, possibly leading to functional changes by reg-
ulating gene expression or altering amino acid sequences (SI
Appendix, Fig. S7). The SNPs in AKT2 (NW_007907093.1:
1827300, G > T), PID1 (NW_007907114.1: 9950344, T > C),
and PRKAB1 (NW_007907289.1: 3048277, A > G), which were
fixed in both Asiatic black bears and one parental lineage but
showed extreme divergence from the other parental lineage
(FST = 0.98 or 1.0), were all located in the promotor regions,
and moreover they were in transcription factor binding sites (SI
Appendix, Fig. S7A). The SNP (NW_007907159.1: 7227213,
C > G) in MKRN1, which was fixed in both Asiatic black bears
and the South Group where it was highly divergent from that in
the North Group (FST = 1.0) (SI Appendix, Fig. S7B), was
located in the coding sequence and caused an amino acid alter-
ation from nonpolar Ala to polar Gly, leading to changes in the
tertiary structure of the protein (SI Appendix, Fig. S7B). Taken
together, our results suggest that these genes identified from the
two different parental lineages likely contributed to the establish-
ment of the intermediate body size observed in Asiatic black
bears (Fig. 4E).

Development of RI between the Hybrid Species Asiatic Black
Bear and Its Two Parental Lineages. The initial hybrid popula-
tion of Asiatic black bears had to develop RI barriers in order
to evolve independently (23). The intermediate body size of
Asiatic black bears due to alternate inheritance of related genes
from each parent may have resulted in premating isolation
through sexual selection. Asiatic black bears may have inherited
more diverged genes from each of the two parental lineages,
especially those giving rise to Bateson–Dobzhansky–Muller (BDM)
incompatibility between two parents. If such genes were alternately
inherited, postmating RI could have arisen due to the new hybrid
combination of BDM incompatibility loci (28, 29). Among 1,200
PSGs which had diverged between the parents and were alternately
inherited by Asiatic black bears (Fig. 4 A and B), we found that 16
genes (SI Appendix, Fig. S8 and Table S12) were involved in repro-
ductive processes, including male fertility, folliculogenesis, fertiliza-
tion, sperm development, and meiosis (https://www.genecards.org/).
If diverged alleles at these loci were involved in BDM incompatibil-
ity between the two parents, their recombination in Asiatic black
bears due to alternate inheritance could immediately cause postmat-
ing RI (28, 29). In addition, we found that Asiatic black bears had
developed a high level of genetic divergence from both parental line-
ages at numerous loci, and 12 of these were involved in the repro-
ductive process (SI Appendix, Fig. S9 and Table S13). These genes
that evolved rapidly since the origin of Asiatic black bears may have
further reinforced its postmating RI from the two parental lineages.

Discussion

Phylogenetic discordance in Asiatic black bears has been reported
previously (3, 4) and generally attributed to hybridization, but
the evolutionary process, that is, whether it was introgression or
hybrid speciation that occurred, has not hitherto been explicitly
explored and tested. Here, we revisit this paradigm on a much
finer scale. Our analyses provide evidence supporting the hybrid
origin of the Asiatic black bear, which derives ∼50.7% of its
ancestry from the ancestral North Group (polar, black and
brown bears) and ∼49.3% from the ancestral South Group (sun
and sloth bears). We show that this ancient hybridization took
place 5.66 Ma (3.60 to 5.84 Ma), shortly after the divergence of
the South and North Groups (5.91 Ma; 4.57 to 5.94 Ma).
According to paleontological records, the ancestor of the Ursinae
started to diversify in Eurasia near the Miocene–Pliocene bound-
ary (30), so we speculated that the hybridization that established
the Asiatic black bear occurred in Eurasia, which is consistent
with the fossil record from Moldova (an Eastern European coun-
try) of the Asian black bear in the early Pliocene (31). This hybrid-
ization and the establishment of the Asiatic black bear might have
been triggered by climate-driven population expansion, migration,
and contraction during the early Pliocene (30), given that it has
been suggested that the dramatic Miocene–Pliocene climatic changes
linked with glaciations and the opening of the Bering Strait pro-
moted a major wave of Ursinae species burst that occurred during
this period (32).

Interestingly, our analyses reveal frequent gene flow between
Asiatic black bears and species belonging to both North and
South Groups following the first ancient hybridization event
(Fig. 3), which is likely to have been associated with the exis-
tence of a substantial overlap in geographic range between them.
In addition, it has been suggested that the Bering land bridge
connected eastern Asia and North America several times during
the Pleistocene, thus providing the opportunity for Asiatic black
bears to make contact with American black bears (3, 33). Thus,
Asiatic black bears might have experienced gene flow with these
bears when in contact with them throughout the early Pliocene
into the late Pleistocene, as suggested by introgression of Asiatic
black bears with them during this period (Fig. 3).

As a result of this ancient hybridization, Asiatic black bears
could have inherited highly diverged alleles at many loci from
each parental lineage alternately. Our analyses show that many
of these genes may be involved in both premating and postmat-
ing RI. The alternate fixation of alleles from each parental species
also likely led to the intermediate state of phenotypic traits found
in Asiatic black bears, particularly body size (34). Body size in
bears (and other mammals) is positively correlated with sexual
dimorphism (35), which in turn is strongly associated with the
polygynous breeding system (14, 36) (SI Appendix, Table S1). It
is therefore possible that the intermediate body size of Asiatic
black bears also promoted the establishment of premating RI
from its two parental lineages. Interestingly, a direct effect of dif-
ferences in body size on mate choice or assortative mating has
been reported in Canis species (37) and stickleback populations
(38), supporting the existence of a relationship between body
size and premating RI. In addition, many of the alternately
inherited genes (SI Appendix, Fig. S8 and Table S12) are involved
in the reproductive process, suggesting that hybridization is likely
to have played a role in directly creating postmating RI due to
BDM incompatibility RI between this hybrid species and its two
parents (28, 29). Overall, these findings reveal the hybrid origin
of Asiatic black bears because alternate inheritance of diverged
alleles at numerous loci through hybridization not only resulted
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in its body size, intermediate between the other two groups of
species, but also directly contributed to both premating and post-
mating RI from its two parents, establishing it as an independent
lineage.
Our discovery has profound implications for the understanding

of mammalian speciation. Up to now, most reports on mammals
have been about postspeciation introgression, while explicit exam-
ples of new species having formed through the process of hybrid
speciation are very scarce, as opposed to the situation in plants
which can accommodate polyploidy (39, 40), making the evolu-
tionary role of hybridization in mammals as yet poorly under-
stood. The present results indicate that the Asiatic black bear was
established through a hybrid speciation scenario. The increasing
number of genomic studies being carried out will be expected to
potentially reveal more evidence of speciation via hybridization
and document the importance of hybridization as an effective cat-
alyst of new species formation and phenotypic evolution in
mammals.

Materials and Methods

Sample Collection and Genome Sequencing. For genomic DNA sequenc-
ing, 43 bears, consisting of 18 Asiatic black bears, 5 American black bears, 14
sun bears, 5 sloth bears, and 1 spectacled bear, were collected from the Animal
Branch of the Germplasm Bank of Wild Species of the Chinese Academy of Sci-
ence and from the San Diego Zoo (SI Appendix, Table S2). Genomic DNA was
extracted following the standard phenol/chloroform protocol. Paired-end 125-
or 150-bp libraries were sequenced using the Illumina HiSEq. 2500 or 4000
sequencing platforms.

In addition, short-read library reads were collected from previously published
genomic sequences for 18 bears: 2 Asiatic black bears, 3 American black bears,
1 sloth bear, 6 polar bears, and 6 brown bears (1, 4, 10, 41–43) (SI Appendix,
Supplementary Text and Table S2). In total, 60 bears representing all six Ursinae
bear species, comprising 20 Asiatic black bears, 8 American black bears, 14 sun
bears, 6 sloth bears, 6 polar bears, and 6 brown bears, and 1 spectacled bear
outgroup, were used for population genomic analyses (SI Appendix, Supplementary
Text and Table S2).

Resequencing Data Processing and SNP Calling. All the Illumina paired-
end reads were trimmed using filtering criteria to obtain high-quality paired-end
reads (SI Appendix, Supplementary Text). We used BWA-MEM version 0.78 (44)
to align the trimmed paired-end reads from all the bears to the available de
novo assembled polar bear reference genome (UrsMar_1.0) (41). Binary
sequence alignment files were generated and sorted using SAMtools version 0.1.
18 (45). Duplicate reads were removed using Picard version 1.87 (broadinstitute.
github.io/picard). Realignment around INDEL (insert and deletion) regions was
performed using the IndelRealigner algorithm with the default settings (GATK
version 3.7) (46, 47).

Genome-wide SNPs were identified using GATK version 3.7 (46, 47). The raw
SNPs were filtered to obtain high-quality variants using a custom script (SI
Appendix, Supplementary Text). To obtain autosomal SNPs for subsequent analy-
ses, we excluded SNPs (∼2.27 million) in scaffolds which were identified as
being linked to the X and Y chromosomes (8, 10).

Mt Genomes and Y Chromosome Sequence Data Identification. The mt
genomes of all bears were determined according to consensus sequences
between the aligned short reads and the corresponding published 16-kb mt
genomes of seven bear species (2, 48) using BWA-MEM (44).

The Y chromosome sequences of all male bears were determined according
to consensus sequences between the aligned short reads and the polar bear Y
chromosomes (∼1.14 Mb in length) using BWA-MEM. For bears for which sex
information was unavailable, we compared genomic coverage on the X chromo-
some and Y chromosome with genomic coverage on autosomal chromosomes
in order to identify their sex (SI Appendix, Supplementary Text). The reliability of
the results was confirmed by applying the same approach to other bears for
which the sex was known, and consistent results were obtained. Finally, Y
chromosome sequences were determined for a total of 42 male bears.

Based on BAM files, the consensus mt genomes and Y chromosome sequen-
ces were filtered using the mpileup module of SAMtools (45) and aligned using
MAFFT version 7.486 (49). Ambiguous sites were removed using Gblocks version
0.91 (gap = all) (50).

Phylogenetic Analyses. The spectacled bear was used as the outgroup in all
phylogenetic analyses. We used two species tree estimation methods to recon-
struct the bear phylogeny based on our dataset. One method was MP-EST (51)
analyses based on all 100-kb window sequences and protein-coding gene
sequences, respectively. To overcome the computation time limitation, one indi-
vidual with a high level of sequencing coverage (>20-fold) from each bear spe-
cies was used. The corresponding six genomic consensus sequences were
extracted from the BAM file following the GATK pipeline. With the six genomic
consensus sequences of Ursinae species and one spectacled bear, windowed
sequences with different window-size gradients (50, 100, and 200 kb) and all
protein-coding gene sequences were generated. 22,105 genomic windowed
trees (100 kb) and 13,529 protein-coding gene trees were first reconstructed
using RAxML version 8.2.11 (52) with the GTRGAMMAI model and 100 boot-
strap replicates, and then the species trees were estimated using MP-EST. Five
independent runs and five searches for each run were performed to check the
consistency of the results.

The other method was SVDquartets (53) analysis implemented in PAUP4a168
(54) based on all autosomal SNPs from the 61 bears. The autosomal SNPs were
thinned with a 10-kb window size. The resulting 217,935 SNPs were retained for
the species tree analysis.

Phylogenetic network analyses were performed using SplitsTree version 5
(55) based on 22,105 genomic windowed trees (under 100-kb window size)
with various threshold settings (5%, 10%, 20%, and 30%) to explore phyloge-
netic conflict among the bear species.

Mt genome and Y chromosome sequence analyses were also performed for
the ML tree estimation as described above.

Genome-wide D-Statistics (ABBA-BABA) Test. The 217,935 thinned autoso-
mal SNPs from 61 bears were used for genome-wide D-statistics (ABBA-BABA
test) (56, 57). The qpDstat tool implemented in the ADMIXTOOLS package was
applied to calculate D-statistics and Z-scores based on weighted block jackknife
tests (block size of 5 Mb) (56, 57). The D-statistics/ABBA-BABA test was conducted
based on the topology of a given species tree, such as “(((P1, P2), P3), O)” in
which P1, P2, and P3 represent the three ingroup species and “O” is the out-
group (56, 57). To detect whether the ancestral North Group had contributed
genetic ancestry to the hybrid species Asiatic black bear, on the basis of the bear
species tree topology, the outgroup spectacled bear was set as “O.” Asiatic black
bear was set as “P1.” All South Group bear species as a whole were set as “P2.”
Each of the three bear species in North Group, including American black bears,
polar bears, and brown bears, and all North Group bear species as a whole, were
set to “P3.” Thus, there were four strategies, as shown in SI Appendix, Table S3.
An absolute value of Z-score greater than 3 indicated a significant hybridiza-
tion signal.

HyDe, PCA, and FST Analyses. Based on 225,196 thinned SNPs (from auto-
somes and sex chromosomes) for the 61 bears, the HyDe program (58) was
used to detect hybridization; this software implements a site-pattern probabilities
method to detect population(s) that have arisen via hybrid speciation as well as
their putative parental populations and estimates the inheritance parameter, γ,
to quantify the genomic contributions of the parents to the hybrid (SI Appendix,
Supplementary Text). PCA was carried out using smartPCA from EIGENSOFT v7.2.
0 (59) based on 172,516 thinned SNPs from noncoding regions (on autosomes
and sex chromosomes) from 60 bears of the six Ursinae bear species. The distri-
bution of fixed differences along the genome was measured by FST across all
100-kb windows (with a 50-kb step) in three pairs of taxa (Asiatic black bear vs.
North Group, Asiatic black bear vs. South Group, and North Group vs. South
Group) using VCFtools version 0.1.14 (60).

Detection of Hybridization Based on Shared Variations. An approach for
detecting hybridization recently developed by Jiang et al. (16) was used; it can
differentiate between hybridization and ancestral subdivision (16). In this study,
differences in the patterns of distribution of AVs and PIVs in Asiatic black bear
and its parental lineages were used to infer the hybrid speciation of Asiatic black
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bears (SI Appendix, Supplementary Text). We applied this analysis based on
the high-quality INDELs dataset (∼14.52 million) and SNPs (∼100.96 million)
(SI Appendix, Supplementary Text).

A random sampling strategy with 100 independent repeats was applied in
this analysis, in which one individual from each of the three lineages (e.g., North
Group, South Group, and Asiatic black bears) was used. Based on the averaged
shared INDELs/SNPs numbers of three lineage pairs, i.e., South Group and
hybrid species Asiatic black bear (SH), North Group and hybrid species Asiatic
black bear (NH), South Group and North Group (SN), KKSC test (17) was firstly
used for checking the robustness of hybrid speciation scenario of Asiatic black
bears, and then with the results of 100 independent repeats, the significant dif-
ferences in genomic distributions of shared AVs or PIVs among the three lineage
pairs were evaluated by Student’s t test (implemented in R), which can be further
used to test the Non-HHS model, i.e., (North Group, (South Group, Asiatic black
bear)), and the HHS model, i.e., (South Group (Asiatic black bear) North Group).

Evolutionary Simulations of the Hybrid Origin of Asiatic Black Bears.

Based on 132,157 thinned autosomal SNPs in noncoding regions from 60 bears
of the six Ursinae bear species, we used the maximum-composite-likelihood
approach of two-dimensional unfolded site frequency spectra (2D-unfoldSFSs)
implemented in fastsimcoal2 v26 (61) to assess the fit of various models and to
infer the optimal evolutionary scenario for the origin of Asiatic black bears (SI
Appendix, Fig. S4).

Genomic Selection Scans of the Asiatic Black Bear and Its Parental
Lineages. We applied an HKA test (22) and population-specific fixed mutations
(23) to identify PSGs inherited by the Asiatic black bear from each of its parental
lineages (SI Appendix, Supplementary Text). Genes with a significant P value
(<0.01) in the HKA test, and with the number of fixed differences ranked ≥95th
quantile in genomic population-specific fixed mutation calculation, were consid-
ered to be candidate PSGs. Functional enrichment analyses for these genes were
performed using the METASCAPE resource (62). For the candidate genes in
which we were interested, haplotypes were constructed with DnaSP version 6.
12.03 (63). Haplotype network analyses and haplotype clustering were

performed using PopART version 1.7 (64) and the TCS method (65) was applied
to infer the genetic origin of each gene. The functional effects of positively
selected SNPs in promotor regions were assessed by scanning the JASPAR data-
base (jaspar.genereg.net). The protein structures of the positively selected nonsy-
nonymous substitution SNPs were predicted by I-TASSER (66).

Identifying Genes Highly Diverged between Asiatic Black Bear and
Both of Its Parental Lineages. We applied PBS statistics (67) using the
following formula: PBSAsB = 1/2(TAsB_NG + TAsB_SG � TNG_SG) (SI Appendix,
Supplementary Text). We took the top 1% of windows in PBSAsB genomic scans
as regions with significant signals, and the annotated genes were defined as
cases of extreme genetic divergence between the Asiatic black bear and its two
parental lineages.

Data Availability. The raw sequence data reported in this paper have been
deposited in the Genome Sequence Archive (https://ngdc.cncb.ac.cn/gsa/) under
accession number CRA005022 (68).
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