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Abstract
Rare and geographically restricted species may be vulnerable to genetic effects from inbreeding depression in small 
populations or from genetic swamping through hybridization with common species, but a third possibility is that se
lective gene flow can restore fitness (genetic rescue). Climate-sensitive pikas (Ochotona spp.) of the Qinghai–Tibetan 
Plateau (QHTP) and its vicinity have been reduced to residual populations through the movement of climatic zones 
during the Pleistocene and recent anthropogenic disturbance, whereas the plateau pika (O. curzoniae) remains com
mon. Population-level whole-genome sequencing (n = 142) of six closely related species in the subgenus Ochotona re
vealed several phases of ancient introgression, lineage replacement, and bidirectional introgression. The strength of 
gene flow was the greatest from the dominant O. curzoniae to ecologically distinct species in areas peripheral to the 
QHTP. Genetic analyses were consistent with environmental reconstructions of past population movements. 
Recurrent periods of introgression throughout the Pleistocene revealed an increase in genetic variation at first but 
subsequent loss of genetic variation in later phases. Enhanced dispersion of introgressed genomic regions apparently 
contributed to demographic recovery in three peripheral species that underwent range shifts following climate oscil
lations on the QHTP, although it failed to drive recovery of northeastern O. dauurica and geographically isolated O. 
sikimaria. Our findings highlight differences in timescale and environmental background to determine the conse
quence of hybridization and the unique role of the QHTP in conserving key evolutionary processes of sky island species.
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Introduction
“Genetic rescue” and “genetic swamping” represent the 
double-edged sword of hybridization in driving the diver
sification and adaptation of isolated, small populations, 
and rare species. Under the first hypothesis, hybridization 
is a mechanism that introduces genetic variation into local 

populations affected by inbreeding (rescue), which 
subsequently may catalyze diversification and sympatric 
speciation (Litsios and Salamin 2014; Stelkens et al. 2014; 
Whiteley et al. 2015; Grant and Grant 2019). Introgressed 
elements may be identified as fixed alleles in the genome 
of a recipient population and may play important roles 
in local adaptation (Duranton et al. 2020; Owens and 
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Samuk 2020; Pulido-Santacruz et al. 2020; Myers et al. 
2021). Adaptive traits in advanced-generation hybrids sur
pass the parental phenotypic range, a phenomenon known 
as heterosis (in F1) or transgressive segregation (heritably 
stable) (Cevik et al. 2019). Allowing gene flow into isolated 
populations or rare species is thus considered a promising 
strategy to alleviate genetic load and decrease the extinc
tion risk of isolated populations (Frankham 2015). 
Under the second hypothesis, hybridization reduces diver
sity through the breakdown of reproductive barriers and 
then drives rare species to extinction as local genotypes 
are replaced in the hybrids (Vuillaume et al. 2015; 
Quilodran et al. 2020; Kottler et al. 2021). Meanwhile, 
population growth rates may be reduced due to hybrid in
compatibility or outbreeding depression (Moyle and 
Nakazato 2010; Feng et al. 2019; Moerman et al. 2020; 
Kottler et al. 2021). Hybridization is a widely recognized 
process limiting the range expansion of narrow-ranged 
species (Mark and Barton 1997; Kottler et al. 2021). The 
conflicting outcomes from either hypothesis raise out
standing questions for conservation planning and evolu
tionary biology. Notably, what are the exact genomic 
consequences of hybridization for the decline of small- 
ranged species as the genetic load becomes high, and 
how can hybridization contribute to the recovery and per
sistence of recipients after they experience a demographic 
decline?

A key aspect in studying the above processes is the time 
since hybridization (Waller 2015; Bell et al. 2019). Human 
activities have caused habitat fragmentation and popula
tion decline for thousands of species (Dirzo et al. 2014), 
prompting a call to consider genetic rescue in conservation 
(Ralls et al. 2018), for example, by allowing pulses of gene 
flow from distant lineages to restore small, isolated popula
tions of rare species in wildlife conservation (Fitzpatrick 
et al. 2016; Weeks et al. 2017; Ralls et al. 2020). Studies of do
mesticated animals and crops have shown that heterosis is 
usually only evident for 1–3 generations after hybridization 
(Goulet et al. 2017; Labroo et al. 2021), and the evolutionary 
outcomes and demographic responses to inbreeding de
pression are detectable in hybrids within a few generations 
(Johnson et al. 2011; Ceballos et al. 2018). In contrast, out
breeding depression may not manifest until the occurrence 
of temporary heterosis and additional genomic incompat
ibilities resulting from recombination and then largely out
side the timeframe of monitoring and conservation 
activities (Fenster and Galloway 2000). Thus, investigations 
of the fate of introgressed genomic regions and their precise 
role in determining novel traits are needed. This could be 
achieved by studying hybridization events that occurred 
over different periods in nature and reflect the evolutionary 
processes of selection, genetic diversification, and ecologic
al trait changes over time in the recipient species under dif
ferent environmental conditions.

Extant pikas (genus Ochotona, see fig. 1) are a relict 
group of Lagomorpha (hares, rabbits, and pikas) that 
were highly diversified in the early to middle Miocene 
but have experienced dramatic levels of species extinction, 

local extirpation, and range contraction since the late 
Miocene (Grayson 2005; Ge et al. 2012, 2013; Arregoitia 
et al. 2015). They are now mainly confined to the alpine 
region on the Qinghai–Tibetan Plateau (QHTP), with frag
mented distributions in Central and northern Asia and 
North America (Lissovsky 2016; Melo-Ferreira and Alves 
2018; Smith et al. 2018). Notably, pikas are cold-tolerant 
yet highly sensitive to environmental changes and thus 
have been considered sentinels for climate change and 
keystone species of high-altitude ecosystems (Smith and 
Foggin 1999; Galbreath et al. 2009; Lanier et al. 2015; 
Smith et al. 2019). Four pika species (O. koslowi, O. argen
tata, O. iliensis, and O. hoffmanni) are now ranked as en
dangered, and three others (O. curzoniae, O. princeps, 
and O. pusilla) are suffering population decline (Lissovsky 
2016; Smith et al. 2018). Extant species of pikas are assigned 
to five subgenera: Lagotona (Kretzoi, 1941), Alienauroa (Liu 
et al. 2017), Conothoa (Lyon, 1904), Pika (Lacépède, 1799), 
and Ochotona (Link, 1795; Liu et al. 2017). The last is differ
ent from the other four in surrounding the QHTP, with O. 
dauurica extending to the north of China, Mongolia and 
Russia (fig. 1A) and assigned as the QHTP group (Niu 
et al. 2004) or the shrub-steppe group (Wang, Liang, et 
al. 2020). Several species in the subgenus Ochotona that 
are the target of this study (O. nubrica, O. sikimaria, and 
O. thomasi) have very limited geographic ranges, rendering 
them vulnerable, whereas O. curzoniae is widespread in the 
QHTP; despite its recent decline, it is considered a pest 
(Delibes-Mateos et al. 2011; Wilson and Smith 2015). 
These species showed distinct ecological differentiation; 
for example, O. thibetana prefers alpine forests in the 
Hengduan Mountains, O. cansus prefers alpine bushes 
and is slightly higher than O. thibetana in elevational dis
tribution, O. thomasi inhabits alpine shrubs in the north
east of QHTP, O. dauurica is distributed in open 
meadows on top of mountains in the northeastern 
QHTP and central China and extends to grasslands in 
Mongolia and southern Russia, O. curzoniae occupies the 
widest range on the plateau surface of QHTP, and O. siki
maria is confined to a small region that borders China and 
India in southeast QHTP. Previous studies dated the diver
gence time of the subgenus Ochotona to the late Miocene, 
approximately 6 Mya (Ge et al. 2012, 2013; Wang, Liang, 
et al. 2020). Phylogenetic analyses have already identified 
widespread incongruence among nuclear and mitochon
drial markers in this subgenus, raising the possibility of 
gene flow from the widespread O. curzoniae to other spe
cies (Koju et al. 2017; Castillo Vardaro et al. 2018; Lissovsky 
et al. 2019). The prominent incongruence of mitochondrial 
markers with morphological species boundaries has been 
mainly investigated in the context of taxonomic questions 
(Liu et al. 2017; Lissovsky et al. 2019; Wang, Liang, et al. 
2020) but also offers opportunities to investigate the con
sequences of genomic introgression at different time 
points during lineage evolution as well as their demo
graphic dynamics following rapid anthropogenic changes.

In the present study, we integrated morphological, gen
omic, and ecological data to interpret the differentiation 
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and evolution of six closely related species in the subgenus 
Ochotona. The dominant plateau pika, O. curzoniae (the 
central species), inhabits most of the QHTP, whereas all 
others (the peripheral species) are distributed near the 
edge of the QHTP, and only O. dauurica extends to nor
thern China, Mongolia, and Russia (fig. 1A). We first estab
lished that species pairs with mitonuclear incongruence 
also show clear signals of gene flow in nuclear genomes. 

Dating these introgressions established the order of dis
crete events of mitochondrial and nuclear gene exchange. 
We then tested the effects of gene flow from the center to 
the peripheral species, which either could result in the ac
quisition of beneficial alleles (genetic rescue) or the broad 
incompatibility of introgressed alleles and maladaptation, 
with opposing outcomes for the recipient populations fol
lowing the hybridization event (fig. 1A). These processes 

FIG. 1. (A) Habitus of O. cansus (photographed by Prof Xin Zhou in the Wanglang National Nature Reserve, Sichuan Province, China) and sample 
locations of molecular voucher specimens for whole-genome sequencing. (B) Two hypotheses on the genomic consequences of hybridization. 
“Genetic rescue” and “genetic swamping” refer to two hypotheses on the genomic consequences of hybridization in the subgenus Ochotona; 
arrows in the large center circles show asymmetric gene flow, and arrows in the small circles show demographic changes of narrow-ranged per
ipheral species. (C ) Phylogenetic tree inferred from 13 protein-coding sequences of MTGs. (D) Phylogenetic tree from single-copy orthologs 
(SCOs). Four hypothetical mitochondrial introgression events are highlighted by links between the MTG and SCO trees and numbered 1, 2, 
3, and 4.
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must be seen in the context of climatic oscillations affect
ing these populations that not only drive range contrac
tion introducing local inbreeding but also determine the 
long-range movement permitting interspecific contact 
and then relieving the homozygosity burden of inbreeding 
(fig. 1B). Our study provides an integrative view of the 
adaptive features of introgression and the environmental 
conditions that facilitate interspecific gene flow in pika 
speciation, adaptive radiation, and demographic dynamics.

Results
Mitonuclear Discordance and Divergence Time
We first established the validity of the seven morphologic
ally recognized species of the subgenus Ochotona. 
Geometric morphometric analyses of 191 cranium speci
mens (supplementary fig. S1A, Supplementary Material
online and supplementary table S1, Supplementary 
Material online) showed overlaps in skull morphology, 
most prominently among O. nubrica, O. thibetana, and 
O. sikimaria, and between O. curzoniae and O. dauurica, 
both in dorsal and ventral views, in addition to distinct 
variation from their closest sister species O. thomasi. 
Analysis of variance (ANOVA) and pairwise comparison 
analyses revealed significant differences between most 
pairs of species (P < 0.001, supplementary tables S2 and 
S3, Supplementary Material online), but insignificant varia
tions were identified between many species pairs, for ex
ample, O. cansus and O. curzoniae, O. cansus and O. 
dauurica, O. nubrica and O. thibetana, O. thibetana and 
O. thomasi in the overall size of the dorsal view. The prin
cipal component plots showed low overlap in the morpho
space between species that showed mitonuclear 
discordances in phylogenetic reconstruction (fig. 1), espe
cially in the dorsal view (supplementary fig. S1, B and C, 
Supplementary Material online).

To ensure that we used accurate species assignments in 
the following analyses, we sequenced the mitochondrial 
CYTB gene of 328 specimens sampled across their species 
ranges and analyzed them together with those available in 
GenBank (n = 726, supplementary table S4, Supplementary 
Material online). Moreover, we extracted the protein-coding 
regions of the mitochondrial genome (MTG) sequences cre
ated from the assemblies of shotgun reads (n = 241, 
supplementary tables S5 and S6, Supplementary Material on
line), and 115 of them were newly generated in this study. 
We also obtained single-copy orthologs (SCOs) of the nu
clear genome (supplementary tables S5 and S6, 
Supplementary Material online), extracting between 1815 
and 9166 complete SCO sequences for a total of 142 
individuals.

Phylogenetic reconstruction using CYTB (supplementary 
fig. S2, Supplementary Material online) and whole MTGs 
equally revealed seven main clades, each of which broadly 
represented one of the morphologically assigned species. 
However, several specimens were not placed in the mor
phologically assigned species, suggesting mitochondrial 

introgression (fig. 1C). All sequences that nominated O. 
yarlungensis (KU359551–KU359561) were clustered in O. 
nubrica, which supports O. yarlungensis established by 
Liu et al. (2017) as a junior synonym of O. nubrica 
(Lissovsky et al. 2019). A species tree reconstructed from 
gene trees of 6710 SCOs (supplementary table S5, 
Supplementary Material online) in ASTRAL-III (Zhang 
et al. 2018) also recovered each of the six species of 
Ochotona as monophyletic, without showing the outliers 
detected in the MTG (fig. 1D).

The pairs of species of suspected mitonuclear discord
ance showed no intermediate variation in either dorsal or 
ventral view in the morphometric analysis, indicating the 
same distinct skulls as nonadmixed populations 
(supplementary fig. S1, Supplementary Material online). 
Based on incongruence with the SCOs and morphology, 
we recognize four cases of mitochondrial introgression 
due to the shift in the position of specific individuals, specif
ically 1) from O. nubrica to O. curzoniae (six individuals); 2) 
from O. curzoniae to O. nubrica (one individual); 3) from 
O. cansus to O. dauurica (11 individuals); and 4) a sublineage 
of O. thibetana that formed a distinct monophyletic lineage 
branching off at the base of the O. cansus to the O. curzoniae 
clade (three individuals) (fig. 1C and D, supplementary fig. 
S3, supplementary table S7, Supplementary Material on
line). The latter corresponds to a “ghost” clade from 
Qionglai Mountain (fig. 1C and D) that in a previous study 
was assigned to an extinct species only detected from hap
lotypes introgressed into O. thibetana. This lineage was clus
tered into the main clade of O. thibetana to form a sister 
lineage to samples from the Liang Mountains. Those from 
the northern Hengduan Mountains, Yunling Mountains, 
and Qionglai Mountains were clustered as another mono
phyletic sister clade (Ge et al. 2022). This pattern rejected 
the “ghost” clade being assigned as independent species, no
minated as “O. qionglaiensis’ by Liu et al. (2017). Principal 
component analysis using the whole-genome SNP data 
that were mapped to the genome of American pika (O. prin
ceps, assembly OchPri4.0) (Sjodin et al. 2021) revealed a 
remarkable overlap among species, despiting a neighbor- 
joining tree that was supported by the monophyly of 
each species (fig. 2A and B).

Calibrations with SCOs to date these four waves of 
MTG introgression showed that 1) and 2) correspond to 
very recent, possibly ongoing bidirectional introgression be
tween O. curzoniae and O. nubrica and vice versa 
(supplementary fig. S4, A–D, Supplementary Material online), 
whereas 3) corresponds to an ancient introgression from O. 
cansus to O. dauurica (supplementary fig. S5, A–D, 
Supplementary Material online) at 0.78 Mya (fig. 2C), and 
4) represents introgression from some extinct species to O. 
thibetana (Ge et al. 2022) at 1.61 Mya. The split of O. thibeta
na from all others as the basal separation in the lineages af
fected by admixture was dated to 4.97 Mya, with the 
divergence of the remaining lineages in the subgenus 
Ochotona starting at approximately 4.63 Mya (fig. 2C). 
According to the distribution of MTG-admixed populations, 
three hybrid zones were identified (supplementary fig. S3D, 
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Supplementary Material online): the current hybrid zone of 
O. nubrica and O. curzoniae located in the western 
Himalayas; the southeastern edge of the QHTP in northern 
Sichuan, southern Qionghai, and southwestern Qinlin, where 
O. dauurica hybridized with O. cansus; and a hypothetical hy
brid zone in the western region of the Sichuan Basin in 
Qionglai Mountain, where O. thibetana hybridized with a pre
sumably extinct species.

Overall Gene Flow Among Species in Nuclear 
Genomes and Accompanying Demographic 
Dynamics
We used four software programs to identify general trends 
of gene flow in the nuclear genome. First, we tested shared 

ancestry components among individuals of the six species 
using Admixture (Alexander and Lange 2011) under K = 
6–9 ancestral groupings. Values of K = 7 gave the best 
match to the six species of Ochotona (supplementary fig. 
S6A, Supplementary Material online). Although separating 
these species, the method still showed apparent ancestry 
admixture in O. cansus, O. thibetana, and O. curzoniae 
but not in O. dauurica, O. nubrica, and O. sikimara, 
which only partly reflected the expectations from mito
genome introgression (supplementary fig. S6, B and C, 
Supplementary Material online).

Next, we used TreeMix (Pickrell and Pritchard 2012), a 
method that simultaneously builds population trees and 
tests for gene flow. A phylogenetic tree with migration 

FIG. 2. Genetic structure and hybridization among species. (A) Genetic structure inferred using PCA. (B) A neighbor-joining tree was inferred 
using SNPs. (C ) Divergence time inferred using the MTG and SCOs of the whole genome. (D) Gene flow detected by using ABBA–BABA statistics 
in Dsuite. (E) Gene flow determined using the F4-ratio. (F) Gene flow determined using the f-branch method.
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events from 0 to 5 was constructed. The number of migra
tion events that best fit the data was identified as 3 (migra
tion edge = 3). This analysis identified gene flow from O. 
nubrica to O. curzoniae, from O. cansus to O. nubrica, 
and from the ancestor of O. curzoniae and O. cansus to 
O. dauurica (supplementary fig. S7A–F, Supplementary 
Material online). Gene flow from O. nubrica to O. curzoniae 
was identified when the migration edge = 1, and gene flow 
from O. cansus to O. dauurica was displayed when the mi
gration edge = 4. In addition, we identified a significant 
introgression signal between most species pairs using the 
ABBA–BABA statistic in Dsuite (Malinsky et al. 2021). A to
tal of 15 of 20 comparisons produced Z scores >3, indicat
ing high introgression, and the comparison of O. cansus 
and O. dauurica showed the strongest signal (P < 0.001, 
supplementary table S8, Supplementary Material online, 
fig. 2D). All 15 comparisons were supported by admixture 
proportions above 5% in the f4-ratio measure. Moreover, 
we also identified strong gene flow between O. cansus 
and O. thibetana and O. cansus and O. dauurica with the 
f4-ratio test (fig. 2E) and strong gene flow between O. nu
brica and O. curzoniae, O. cansus and O. dauurica, and O. 
cansus and O. curzoniae in the f-branch method (fig. 2F). 
This method can disentangle correlated f4-ratio results 
and assign gene flow evidence to specific internal branches 
on the phylogeny (Malinsky et al. 2018).

G-PhoCS (Gronau et al. 2011) is different from the 
methods above in its ability to infer ancestral population 
sizes, population divergence times, and migration rates 
from genome sequences at the same time. Here, a coales
cent model implemented in G-PhoCS revealed migration 
among the six species (fig. 3A), with the highest levels oc
curring from O. curzoniae to O. thibetana (4.03%) and from 
O. curzoniae to O. dauurica (2.44%). G-PhoCS identified O. 
curzoniae as having the largest population size among the 
examined species (fig. 3B), and gene flow from this species 
distributed in the central plateau to the species with distri
bution at lower altitudes at the periphery of the plateau 
was greater than that in the opposite direction (fig. 3A). 
This result was consistent with that of the f-branch meth
od, which identified strong gene flow between the center 
(O. curzoniae) and peripheral species (O. nubrica, O. cansus, 
O. thibetana, and O. dauurica).

Demographic dynamics were inferred using the pairwise 
and multiple sequentially Markovian coalescent (PSMC) 
(Li and Durbin 2011), the latter implemented in SMC++ 
(Terhorst et al. 2017), inferring fluctuations in effective 
population size by linking the origin of heterozygous sites 
in a genome to a molecular clock (Gronau et al. 2011). The 
PSMC (Li and Durbin 2011) model identified two periods 
of population size increase in O. curzoniae and O. nubrica 
but only one peak in O. sikimaria from approximately 1 
million to 10 thousand years ago, with the population sizes 
of these species decreasing overall (supplementary fig. S8, 
Supplementary Material online). Distinct demographic dy
namics were found for different sublineages in O. cansus, O. 
thibetana, and O. dauurica, in which admixed populations 
in O. dauurica and O. thibetana deviated from nonadmixed 

populations to form two peaks, indicating that gene flow 
events influenced the demographic dynamics in these spe
cies. The results of SMC++, which is based on multiple gen
omes providing greater resolution and an extended time 
frame, also identified the long-term decline of all species, 
albeit in cyclical population size variation in the last ten 
thousand years (fig. 3C). In addition, a surprising trend of 
population size increase in four species was found in the 
last six thousand years; meanwhile, only O. dauurica con
tinued to decline, and O. sikimaria increased slightly near 
the present after a dramatic decrease from its peak in 
the last seven thousand years (fig. 3C).

Local Ancestry Inference of Admixed Populations
In an effort to identify the genomic localization of intro
gressed segments in admixed populations (fig. 4), we per
formed local ancestry analysis (LAI) implemented in Loter 
(Dias-Alves et al. 2018), which determines the admixed 
portions as a mosaic of segments inherited from two an
cestors. For this analysis, populations of O. curzoniae and 
O. dauurica from different sample localities (n > 3) were 
assigned to groups to test the strength of gene flow (see 
fig. 1 and supplementary Table S8, Supplementary 
Material online). Both the D and f4-ratio values identified 
significant gene flow (P < 0.001) between O. curzoniae 
from Cuona (CN, fig. 5A) and Pulan (PL), where mitochon
drial admixture is occurring, and O. nubrica, whereas those 
from Anduo (AND), Gaize (GZ), and Yadong (YD) were in
significant (P > 0.05, supplementary fig. S9, Supplementary 
Material online). The strength of gene flow between O. 
dauurica from Shaanxi and Shanxi of China (CH, fig. 5B) 
and O. cansus was greater than that of O. dauurica from 
Russia (RU, supplementary fig. S9, Supplementary 
Material online).

Moreover, we tested the phylogenetic relationships that 
vary across the genome using population genomic data 
due to both variations in lineage sorting and introgression 
in Twisst (Martin and Belleghem 2017). The proportion of 
O. curzoniae from CN clustered with O. nubrica was slightly 
higher than that of other populations (3.1% vs. 2.6–2.7%), 
and the proportion of O. dauurica from CH clustered with
in O. cansus was slightly higher than that from RU (1% vs. 
0.5%). Here, a higher proportion implies a higher probabil
ity of interspecific genomic introgression (supplementary 
fig. S10, Supplementary Material online). Based on these 
results and mitonuclear discordance in phylogenetic re
construction, we assigned populations of O. curzoniae 
from CN and PL as representatives of admixed populations 
(AD), whereas that of AND was representative of nonad
mixed population (NO). Populations of O. dauurica from 
CH were assigned as admixed populations (AD), whereas 
populations of O. dauurica from RU were assigned as non
admixed populations (NO).

Starting with O. nubrica and admixed populations of O. 
curzoniae (hybridization event “1” in fig. 1) from CN and 
PL, we found that 380,571 (0.25%) and 159,890 (1%) of 
the 14,959,431 SNP sites suffered introgression. None of 

6

http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac274#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac274#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac274#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac274#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac274#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac274#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac274#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac274#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac274#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac274#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac274#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac274#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac274#supplementary-data
https://doi.org/10.1093/molbev/msac274


Pervasive Hybridization in Pikas · https://doi.org/10.1093/molbev/msac274 MBE

FIG. 3. Gene flow among species, demographic history of target species, and range shift of two major species pairs. (A, B). Effective population size 
and direction and strength of gene flow detected using G-PHoCS. (C ) Demographic dynamics were inferred using SMC++. (D) Range shift of 
species that showed mitochondrial introgression in different historical periods (O. curzoniae and O. nubrica during early hybridization and O. 
cansus and O. dauurica after ancient introgression). Note the distribution of O. curzoniae on the central plateau region not occupied by the other 
species.
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these sites was fixed in the admixed populations (fig. 4A 
and B). In this analysis, nonadmixed O. curzoniae and O. nu
brica were used as two sources for the admixed O. curzo
niae. In the O. dauurica–O. cansus pair, a total of 
1,260,881 introgressed sites were identified among a total 
of 14,959,431 sites (8.42%) admixed in O. dauurica from 
CH, among which 35,390 sites (0.2%) were fixed in all indi
viduals (fig. 4C). In this analysis, nonadmixed O. dauurica 
and O. cansus were presumed to be the sources for the ad
mixed O. dauurica. Annotation of these segments revealed 
that 97 genes were located in the fixed regions, repre
sented as “1” in all admixed individuals (fig. 4C, 
supplementary table S9, Supplementary Material online). 
This was in contrast to the situation in O. curzoniae, which 
did not show the fixation of any introgressed site (fig. 4A). 
A phylogenetic analysis based on these fixed sites in O. 
dauurica placed admixed populations of O. dauurica in a 
cluster within O. cansus (fig. 4C), which mirrored the 

phylogenetic pattern presented in the MTG tree (hybrid
ization event 3 in fig. 1C).

Annotation of introgressed elements revealed 727 genes 
in O. curzoniae from CN, 405 genes in O. curzoniae from 
PL, and 2,742 genes in admixed O. dauurica that had experi
enced introgression (fig. 4A–C). Generally, introgressed 
segments in O. curzoniae are longer segments than in 
O. dauurica (i.e., in the presumed older hybridization event) 
(fig. 4A). The LAIs in admixed and nonadmixed pairs of O. 
curzoniae and O. dauurica revealed a total of 213 genes com
mon to both sets of O. curzoniae and O. dauurica (fig. 4D). 
GO enrichment analyses (fig. 4E, supplementary table S10 
and S11, Supplementary Material online) linked their func
tions to the response to stress, nuclear protein-containing re
sponse, immunity and so on using American pika as the 
background species (88 of 213 genes were mapped to the 
background species) and to immune response, regulation 
of DNA-binding transcription factor activity, immune 

FIG. 4. Local ancestry inference 
of admixed populations of O. 
curzoniae and O. dauurica and 
functional annotation of intro
gressed genes. (A, B) Local an
cestry inference for O. 
curzoniae from Cuona (CN) 
and Pulan (PL), which are 
undergoing genomic introgres
sion from O. nubrica. (C ) Local 
ancestry inference for O. dauur
ica from Shanxi and Shannxi in 
China (CH), which experienced 
ancient introgression from O. 
cansus. SNPs absence of intro
gression was deleted in A–C. 
(D) A neighbor-joining tree of 
all fixed introgression sites 
that were identified in O. 
dauurica. (E) A Venn diagram 
showing introgressed genes in 
O. curzoniae and O. dauurica. 
(F) GO analyses of the shared 
introgressed genes in O. curzo
niae and O. dauurica. Fold en
richment is defined as the 
percentage of genes in the list 
belonging to a pathway divided 
by the corresponding percent
age in the background (Ge 
et al. 2020).
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response-regulating signal pathway and so on using the 
mouse as the background species (146 of 213 genes were 
mapped to the background species). The function of fixed 
genes in O. dauurica using the Americas pika as the back
ground species (42 of 97 genes were mapped to the back
ground species) was related to small molecular binding, 
nucleotide binding, nucleoside phosphate binding, anion 
binding, and so on (supplementary figs. S12 and S13, 

Supplementary Materials online); meanwhile, when we 
used the mouse as the background species (79 of 97 genes 
were mapped to the background species), the significantly 
enriched biological pathways were related to the negative 
regulation of ion transport, cation transport, mental ion 
transport, DNA damage checkpoint, calcium transport and 
calcium ion homeostasis (supplementary tables S8 and S9, 
Supplementary Material online).

FIG. 5. (A, B) The ABBA–BABA test identified significant gene flow between O. curzoniae and O. nubrica and between O. casus and O. dauurica. 
(C) FST test of admixed population O. curzoniae from Cuona (AD) versus nonadmixed O. curzoniae from Anduo (NO). (D) FST test of O. nubrica 
versus nonadmixed O. curzoniae from Anduo (NO). (E) FST test of O. nubrica versus introgressed O. curzoniae from Cuona (AD), with sympatric 
distributions. (F ) Admixed FST test of O. dauurica from Shaanxi and Shanxi in China (AD) versus nonadmixed O. dauurica from Russia (NO). (G) 
FST test of O. cansus versus nonadmixed O. dauurica from Russia (NO). (H ) FST test of O. cansus versus admixed O. dauurica from Shanxi and 
Shaanxi (AD). (I–L) Details of chromosomes 5, 7A, 18, and 19 in panel H. (M, N ). Details of chromosomes 18 and 19 in panel F. (O, P) Details of 
chromosomes 18 and 19 in the ABBA–BABA test.
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“Genomic Slands of Differentiation” Between 
Admixed, Nonadmixed Populations and Donors
The overall FST values were prominently elevated both in 
admixed O. curzoniae and O. dauurica (tested with their 
donor species) when compared with that of nonadmixed 
populations (fig. 5C–H ). However, in contrast to the pre
sumed recently introgressed genomes of O. curzoniae, 
the increased FST in O. dauurica was limited to a few small 
outlier regions, which were absent between nonadmixed 
populations. Notably, FST outliers in several regions be
tween sympatric admixed O. dauurica and O. cansus 
(fig. 5I–L) included a large highly divergent block of ap
proximately 0.6 Mb on chromosome 7A (fig. 5L), which 
showed a higher value of linkage disequilibrium 
(supplementary fig. S14, Supplementary Material online). 
GO enrichment analyses revealed that genes in this region 
are mainly related to the maintenance of intracellular 
physiology and sperm capacitation (supplementary table 
S14, Supplementary Material online). SLC26A3 and DLD, 
two key genes related to spermatogenesis, spermatid de
velopment, and sperm capacitation, are located in this re
gion. Results in Loter indicated these FST outliers mainly 
resulted from genomic introgression (supplementary 
table S15, Supplementary Material online). This was fur
ther evidenced by the increase of local topological weight
ings that clustered the admixed O. dauurica from China 
with O. cansus using sliding windows on chromosome 
7A (supplementary fig. S16, Supplementary Material on
line). Moreover, two further outlier regions that were iden
tified as introgressed elements as well as outliers to 
distinguish admixed and nonadmixed lineages in O. dauur
ica, HTR7 and ATP2A3, were located on chromosomes 18 
and 19, respectively (fig. 5M–P). Phylogenetic analysis 
placed the copies from admixed lineages of O. dauurica to
gether with those from O. cansus, the presumed donor 
(supplementary fig. S11, Supplementary Material online).

Genome Genetic Load and Inbreeding Depression 
Strengthened Under Harsh Environmental Changes
Genetic load (Bertorelle et al. 2022) and runs of homozy
gosity (ROH) (Ceballos et al. 2018) have been widely 
used to estimate the decrease in fitness due to outbreed
ing or inbreeding depression. We compared the genetic 
load of populations by measuring the genomic occurrence 
of synonymous/nonsynonymous mutations, frameshifts, 
and other loss-of-function mutations after whole-genome 
SNP variants were classed into different coding categories 
(Cingolani et al. 2012). Comparisons of three types of mea
sures of genetic load (loss of function, LOF, missense gen
etic load, and synonymous genetic load) were generally 
higher in the admixed than nonadmixed populations in 
O. dauurica (ANOVA P < 0.05, fig. 6A–C ) compared with 
the other five species (P < 0.05, fig. 6D–F ). A comparison 
of the three parameters across the six species consistently 
revealed that the dominant O. curzoniae had the lowest 
genetic load (fig. 6D–F ). Testing the genome level ROH 
(supplementary table S17, Supplementary Material online) 

as a useful indicator of homozygosity burden revealed that 
historically declining O. sikimaria and O. dauurica had a 
significantly larger number of short ROHs (>2 kb, 
fig. 6G) than the other species, whereas O. nubrica had a 
larger number of long ROHs (>200 kb, fig. 6H, 
supplementary fig. S17, Supplementary Material online). 
Here, longer ROHs are inherited from inbreeding of recent 
common ancestors, shorter ROHs are residual genomic 
signals of inbreeding in ancient history, and recombination 
events make the original long ROH short during evolution 
(Ceballos et al. 2018). Mapping the distribution of samples 
revealed O. dauurica locate in the region with a higher 
amplitude of temperature change from LIG to LGM and 
a higher level of human impact (fig. 6I and J).

Range Shifts in Different Historical Periods
Environmental niche models (ENMs) can be used to recon
struct historical range movements that may have affected 
the opportunities for hybridization at various time points 
since the last glacial maximum (LGM) and last interglacial 
(LIG). ENM identified range shifts in O. cansus southeast of 
the QHTP and O. curzoniae on the plateau surface from 
the LIG to the present conditions (fig. 3D), whereas O. 
dauurica experienced dramatic range contraction in the 
same period, being distributed in the area affected by 
the large temperature oscillation between the LIG and 
LGM of ∼5–8 °C (fig. 6I). As a result, the modern range 
of O. dauurica is largely nonoverlapping with O. cansus, 
that is the source of MTG introgression for O. dauurica 
(fig. 1C); meanwhile, historically, these species were codis
tributed in large parts of the eastern QHTP, which would 
have allowed hybridization (fig. 3I–L). In contrast, the 
ranges of O. nubrica that experienced distribution 
fragmentation at LGM (fig. 3E) expanded into the north
western QHTP (fig. 3F), where it now overlaps with O. cur
zoniae (fig. 3F and G). Finally, the postglacial ranges are 
overlain by the recent impact of human activities affecting 
O. dauurica and O. sikimaria in particular (fig. 6J), consist
ent with a large population size decline starting approxi
mately seven thousand years ago (fig. 3D).

Discussion
Different Methods for Detecting Genomic 
Introgression
Genome sequencing at the population level is improving 
our understanding of the role of hybridization in lineage 
evolution and speciation. Previous studies specifically fo
cused on the question of population divergence in the 
presence of gene flow and the formation of “speciation is
lands” arising in the earliest stages of speciation (Wolf and 
Ellegren 2017; Papadopulos et al. 2019). As these studies 
can be extended across broader lineages that include sev
eral anciently separated species, a more complete picture 
of the historical effects of hybridization arises. Here, we 
used population-level samples across a small clade (six spe
cies) of the genus Ochotona to study the evolutionary 
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FIG. 6. Genome genetic loads and inbreeding depression tested by ROH and environmental changes in the sampling locations. (A–C ) Comparing 
genome genetic loads in the admixed (AD) and nonadmixed (NO) populations. (D–F ) Comparing genome genetic loads among species. (G, H ) 
Comparing the sum total length of ROH (SROH) versus the total number of ROH (NROH) by >2 and 200 kb, respectively, among species. (I ) 
Amplitude of temperature change within the range of sampling localities from LIG to LGM. Figure legends give the amplitude of temperature 
change between the LIG and LGM. (J ) Human impacts within the range of sampling localities. The figure legend gives the human impact index 
from Theobald et al. 1990. The map shows the location of molecular voucher specimens of the six focal species in the QHTP and surrounding 
area (see fig. 1B).
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history of introgression at the genome level in the context 
of environmental envelope modeling of historical distribu
tions for a scenario that involved gene exchange at differ
ent periods of lineage evolution during the Pleistocene. In 
this framework, we then investigated the fate of intro
gressed genomic regions and their possible impact on 
the persistence of introgressed lineages. Contrary to other 
well-known cases demonstrating the elimination of small 
populations due to hybridization with large populations 
of expanding close relatives (Edmands 2007; Mobley 
et al. 2019), we find a complex history of multiple intro
gressions affecting nuclear and mitochondrial markers 
that suggest positive impacts on peripheral, partly inbred 
populations at the outer regions of the QHTP, consistent 
with the notion of genetic rescue.

In an era when multilocus sequencing is the main meth
od in phylogenetic reconstruction, extensive introgression 
has been recognized from the incongruence of mitochon
drial markers with the established morphological species 
boundaries (Shaw 2002; Joseph 2021), resulting in the 
widely held view that mitochondrial markers behave dif
ferently from nuclear loci; however, the data for assessing 
these loci have been limited. In Ochotona, mitochondrial 
markers were indeed an early indication of introgression 
and were used here as a convenient indicator of separating 
cohorts of presumed admixed and nonadmixed popula
tions whereas also producing a time frame for four separ
ate hypothesized introgression events that then indicated 
striking differences in the nuclear genomes that were ap
parently also affected by the same introgression events 
(in addition to other types of introgression that were 
also of great importance to lineage evolution; see below).

In this study, the ancestry admixture proportion tested 
by Admixture was consistent with the expectation from 
mitogenome introgression in O. nubrica and O. curzoniae 
but not in the other cases (fig. 4B). Genetic clustering algo
rithms, such as Admixture (Alexander et al. 2009) and 
STRUCTURE (Pritchard et al. 2000), have been widely 
used to detect population genetic structure (Lawson 
et al. 2018), with successful examples mainly from recent 
admixture between highly differentiated populations 
(Rosenberg et al. 2002; Bryc et al. 2010). However, minor 
parents’ ancestry composition decreased dramatically 
after hybridization within several generations and left scat
tered short fragments in the recipient genome (Moran 
et al. 2021). These methods do not explicitly fit a historical 
model or unrealistically assume that all populations have 
radiated from a single ancestral group (Malinsky et al. 
2018), thus these methods are not appropriate for study
ing ancient introgression, for example, they failed to iden
tify introgression between O. cansus and O. dauurica in this 
study. Clustering methods were then replaced by the 
D-statistic (Durand et al. 2011) and its upgraded algo
rithms (Lambert et al. 2019; Malinsky et al. 2021), as well 
as many methods for inferring local ancestry, detecting 
the direction and strength of gene flow in both recent 
and ancient hybridization events (Kuhlwilm et al. 2016; 
Zheng and Janke 2018; Shirsekar et al. 2021; Pan et al. 

2022). These methods provided the opportunity to ex
plore unresolved questions about the genomic and evolu
tionary consequences of hybridization.

In addition, the direction and strength of gene flow 
identified by TreeMix, D-statistic, f4-ratio, f-branch meth
od, and GphoCS were slightly different. Malinsky et al. 
(2018) found TreeMix correctly inferred gene flow edges 
in the model with weak gene flow when the migration 
event was set to one, but it gave misleading results in 
more complex models. This was in agreement with our 
study of identifying misleading migration events when 
m > 3 (supplementary fig. S7, Supplementary Materials on
line). The slight inconsistency of D-statistics and f4-ratio 
probably dues to their sensitivity to population size and 
the extinction of closely related sister specie in this sub
genus. Zheng and Janke (2018) found D-statistic was ro
bust against a wide range of genetic distances 
(divergence times), but it was sensitive to population 
size. Moreover, they also emphasized that D-statistics is 
qualitative and cannot be used to estimate the strength 
of gene flow (Zheng and Janke 2018). The sample size of 
six target species in this study ranged from 6 (O. sikimaria) 
to 67 (O. curzoniae), which likely influenced results in 
D-statistic and f4-ratio tests. The results of the f-branch 
and GphoCS were more consistent, likely due to their 
methodological improvements. The former disentangled 
correlated f4-ratio results and aided in assigning the 
gene flow to particular branches on the population or spe
cies tree, the latter excluded highly variable genomic re
gions, and the influence of sample size was excluded. 
Notably, GphoCS needs high-performance computation 
resources, which limited us by using three individuals for 
each species in analyses. For hybridization events that oc
cur across different timescales in many overlapping species 
ranges, it is still difficult to accurately locate and distin
guish introgressed genomic components of diverse ances
try species, nor can we accurately date the time of these 
hybridization events, then methodological improvement 
in this field is needed to explore more deep level questions.

Adaptive Introgression in Pikas
Although the discovery of introgression was initially 
guided by mitochondrial markers, we identified genomic 
introgression between species that did not show a distinct 
signal of mitochondrial introgression based on the current 
dataset. For example, gene flow between O. curzonae and 
O. thibetana, between O. curzoniae and O. dauurica, and 
between O. cansus and O. thibetana was detected. 
Recurrence of adaptive genomic introgression was demon
strated by a large number of shared genes identified in 
both recent (from O. nubrica to O. curzoniae) and ancient 
(from O. cansus to O. dauurica) hybridization, which is po
tentially relevant to periodic environmental changes in the 
Quaternary. Hybridization introduces the introgression of 
alleles that aid species in coping with extreme environ
ments and local adaptation (Legras et al. 2018; Hsieh 
et al. 2019). Compared with those of the nonadmixed 
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populations of O. dauurica in northeastern Asia, the eleva
tional distributions of the admixed populations in the 
northeastern QHTP were significantly elevated.

Early hybridization has wider influences on the genome 
when compared with that of ancient hybridization, for ex
ample, we identified widespread genomic introgression 
during the early hybridization in O. curzoniae, but only a 
few genomic fragments were selectively fixed through 
the long evolution process, which was evidenced by a small 
proportion of fixed sites in the admixed O. dauurica. As 
ecologically advantageous traits are passed from donor 
to recipient, the selection from the environment will favor 
the maintenance of introgressed material (Liu et al. 2015). 
Here, alleles of key nuclear genes, such as HTR7 and 
ATP2A3, related to intracellular calcium homeostasis, sen
sory properties, and response to ATP were identified as in
trogressed and fixed elements in O. dauurica. The 
intracellular balance of calcium and ATP plays an essential 
role in extremely cold environments (Brookes et al. 2004; 
Brinkkoetter et al. 2008) and is vital for high-altitude adap
tation. The genes in the FST outlier region of admixed O. 
dauurica on chromosome 7A experienced extensive inter
specific introgression. These genes are related to the bal
ance of the intracellular physiological environment, 
development, and sperm capacitation. Here, two key 
genes, SLC26A3 and DLD, hitchhiked on chromosome 
7A, are both essential for sperm development and capaci
tation (Chávez et al. 2012; Panneerdoss et al. 2012; Khouri 
et al. 2018). During this process, reproductive isolation be
tween different populations was enhanced, and then these 

adaptive introgressions likely play important role in early 
speciation in O. dauurica.

In short, we identified several coding regions within pu
tative introgressed loci, likely contributing to the adapta
tion and differentiation of admixed O. dauurica on the 
highland in the northeast edge of the QHTP from its con
specific populations in its lowland northern species ranges 
(Mongolia and Russia). These genes are associated with lo
cal adaptation to a higher elevation. Generally, the domin
ant plateau pika is the primary source of gene flow to 
peripheral species; this indicates that global warming is 
driving the migration of climate-sensitive species to a high
er altitude, the central plateau pika is expanding its species 
region, and genomic introgression from a higher altitude 
may play an essential role in the genetic rescue of lower 
altitude recipients. The recurrence of genomic introgres
sion at different timescales implies convergences in genes 
under similar selection in nature. Adaptive introgression is 
a common aspect of species divergence and speciation, gi
ven the future fate of the recipient species, this mechanism 
is likely a type of evolutionary rescue that is from genetic 
variation obtained from hybridization.

Genomic Consequences and Demographic Response 
to Hybridization
The genomic consequences and demographic response of 
hybridization shown by pikas are much more complex 
than anticipated based on previous hypotheses and suggest 
that short-term changes in the genome are not sufficient to 
reflect the consequences of hybridization. Gene flow and 
environmental changes that occur at different times likely 
affect the evolutionary dynamics of peripheral species 
jointly. Genetic rescue is possible only if natural resources 
are abundant and the original constraints that induce 
population size decline are removed (Kottler et al. 2021). 
We postulate four stages of the hybridization process based 
on the observations made on pikas (fig. 7): 1) before hybrid
ization, donor and recipient species diverged from each 
other mostly uniformly across all genomic regions (T1); 
2) immediately after hybridization (facilitated by range 
shifts under environmental changes), the overall genetic di
versity is elevated (T2); temporary heterosis, transgressive 
segregation, or hybrid incompatibility (including inbreed
ing depression) appear during this stage; 3) some intro
gressed elements may become fixed in recipient 
populations (T3), and this is possibly driven by selection 
or reinforcement to overcome hybrid incompatibility in
troduced by exogenous genes (Servedio and Noor 2003; 
Matute 2010; Kyogoku and Kokko 2020); and 4) the out
come of hybridization may depend on the amplitude of en
vironmental change (T4). Genetic rescue and demographic 
recovery may predominate in stable environments, as ex
emplified by the ancient introgression from an extinct spe
cies to O. thibetana. However, the deterioration of the 
environment may lead to widespread maladaptation or 
outbreeding depression, leading to demographic decline, 
such as that presented in O. dauurica. This whole process 

FIG. 7. A general model for the hybridization process in pikas. T1–T4 
give different timescales in hybridization.
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took at least 0.7 Mya in O. dauurica according to the com
parison of the time when hybridization occurred and the 
demographic dynamics of the admixed lineage distinctly 
deviated from those of the nonadmixed lineage 
(supplementary fig. S18, Supplementary Material online).

Demographic Dynamics of Pikas and Conservation 
Implications
In addition, these events must be seen in the context of the 
partly known climatological history of the QHTP and sur
rounding areas in terms of the history of populations and 
their demographics as well as their potential for hybridiza
tion. Vegetation over the past 1.74 million years from the 
Zoige Basin on the QHTP showed three intervals of climatic 
oscillations (Zhao et al. 2020). Pikas are thermally sensitive 
with a highly fragmented patchy distribution, and these 
species responded to climate change with rapid demo
graphic dynamics and range shifts in the late Quaternary 
(Galbreath et al. 2009). Interestingly, we identified three 
waves of demographic dynamics in O. cansus, O. curzoniae, 
O. nubrica, and O. thibetana in the last one million years 
with a dramatic population boom in the past two thousand 
years. These results again highlight pikas as sentinal species 
for detecting environmental changes and keystone species 
of the alpine ecosystem (Smith and Foggin 1999). This point 
of view was supported by a recent study that considered pi
kas as potential umbrella species that benefitted several co- 
occurring species (Sumbh and Hof 2022). Unlike the highly 
homogenous habitats in the central QHTP, an outstanding 
heterogeneous environment of surrounding mountains 
provides suitable microhabitats for different sublineages 
of peripheral pika species, which likely contributes to intra
specific differentiation and distinct demographical dynam
ics in response to climate change. Remarkably, the 
demographic dynamics of admixed populations in O. thibe
tana and O. dauurica prominently deviated from other 
lineages, which indicates that hybridization events influ
enced the evolutionary trajectories of recipients.

In a broad sense, a general trend of demographic decline 
of both center and peripheral pikas before six thousand 
years ago was correlated with global climate warming 
(Cooper et al. 2015; Wan and Zhang 2017), whereas subse
quent population size increases in O. curzoniae, O. cansus, 
O. nubrica, and O. thibetana within 2000 to 600 years 
may have been linked to the massive extinction and range 
contraction of megafauna that occurred with the decrease 
in predation and competition (Malhi et al. 2016). Prior to 
that, climatic factors affected the distributions; in particu
lar, O. nubrica suffered dramatic habitat fragmentation on 
the western edge of the QHTP during the LGM (fig. 3E), 
which then resulted in inbreeding depression (Ceballos 
et al. 2018). The dramatic demographic decline in O. dauur
ica continues to date in central and northern China and in 
Mongolia. The vegetation of this region is more sensitive to 
climate changes than that of the QHTP (Seddon et al. 
2016), leading to a reduction in population size and conse
quently inbreeding (Bertorelle et al. 2022). Ochotona 

sikimaria inhabits a small region on the border between 
China and India, with distinct geographical boundaries re
stricting its range and demographic recovery. The demo
graphic decline of this species coincided with the middle 
Holocene Climate Optimum (9000–5000 years) (Bova 
et al. 2021). Unlike the peripheral species, O. curzoniae ob
tains a small amount of genomic introgression from periph
eral species and has the lowest genomic genetic loads and a 
lower level of inbreeding depression compared with other 
species. These genomic characteristics likely underlie its 
large population size and wide distribution, which offered 
opportunities to interact with different peripheral species 
during climatic oscillations.

The ecosystem of the QHTP and its vicinity is primarily 
regulated by climate with a lower level of human impact 
(Jacobson et al. 2019), which is beneficial to maintaining 
a home for cold-tolerant alpine species and the sustainabil
ity of high biodiversity. Apart from three hybrid zones for 
pikas, the QHTP and its vicinity were also reported to har
bor hybridization of birds (Zhang, Tang, et al. 2019), lizards 
(Gao et al. 2022), and plants (Wu et al. 2022). The frequent 
occurrences of hybridization events in different taxa over 
time imply that the QHTP and its surrounding mountains 
are prime regions for gene flow in nature. This region is also 
a climate refugia for terrestrial and aquatic biota (Yang et al. 
2009; Wen et al. 2016). From the perspective of genomic 
evolution, these hybrid zones are genetic refugia for species 
to acquire new genetic adaptations. The success of genetic 
rescue in nature or aided by humans largely depends on 
habitat size and quality (Ralls et al. 2020; Robinson et al. 
2021). Therefore, conservation management should aim 
to improve habitat stability in hybrid zones to maintain 
the sustainability of these key evolutionary processes.

In summary, phylogenetic reconstruction and inferences 
of gene flow revealed at least four waves of mitochondrial 
introgression in the subgenus Ochotona, occurring at differ
ent times of lineage evolution and with distinct evolutionary 
outcomes. Introgression of the nuclear genome also occurred 
widely, in part associated with the same events, but only af
fecting a small proportion of the genomes and generally indi
cating a direction of gene flow from O. curzoniae distributed 
in the central plateau to species at the periphery. These gen
omic differences may be directly associated with adaptation 
to extreme environments on the QHTP and the early speci
ation in pikas, which is supported by the inferred localization 
of past hybrid zones surrounding the QHTP (supplementary 
fig. S3D, Supplementary Material online). Interspecific intro
gression followed presumed long-term endogamy and thus 
could have alleviated inbreeding depression (in O. nubrica). 
Ironically, even with hybridization-introduced genomic 
novelties, pikas in harsh environments (O. dauurica and 
O. sikimaria) suffered a dramatic demographic decline exa
cerbated by severe anthropogenic environmental changes af
fecting demographic recovery. These results emphasize that 
environmental stability and abundant food resources are 
key to the success of “genetic rescue” in nature and highlight 
the unique role of the QHTP and its vicinity in maintaining 
biodiversity.
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Materials and Methods
Sampling
The specimens of pikas used in this study are preserved in 
the Institute of Zoology, Chinese Academy of Sciences 
(IOZCAS), and National Institute for Communicable 
Disease Control and Prevention, Chinese Centre for 
Disease Control and Prevention (CCDC), Zoological 
Museum of Moscow State University (ZMMU). These spe
cimens were collected using line transect methods during 
the field survey of rodent-borne diseases and animal diver
sity between 2001 and 2021. In total, 403 new specimens 
were collected in this study. Specimens were dissected im
mediately with muscle or liver samples preserved in 95% 
ethanol. These samples were transferred to a −80 °C freez
er before being sent for sequencing. Detailed information 
for these specimens is provided in supplementary table 
S4, Supplementary Material online.

Morphological Study
We digitized the cranium shapes of O. cansus, O. curzoniae, 
O. dauurica, O. nubrica, O. sikimaria, O. thibetana, and O. 
thomasi based on 17 landmarks in the dorsal view and 
23 landmarks in the ventral view using tpsDig version 
2.3v (Rohlf 2005). The locations of the landmarks are given 
in supplementary figure S1, Supplementary Material on
line. The coordinates of each landmark were aligned, and 
the effects of their location, orientation, and scale were re
moved through a generalized Procrustes analysis using the 
geomorph R package (Adams and Otarola-Castillo 2013). 
We conducted a principal component analysis to explore 
the breadth of cranial morphospace variation within the 
subgenus Ochotona and used ANOVA to test for signifi
cant morphological differences. All analyses were 
performed using the geomorph package. Collection infor
mation of specimens included in the analyses is provided 
in supplementary table S1, Supplementary Material online.

Sequencing of CYTB
We sequenced Ochotona specimens (n = 328) collected by 
IOZCAS, CCDC, and ZMMU. Total genomic DNA was iso
lated from muscle using the Qiagen DNeasy Blood and 
Tissue Kit (Qiagen China, Pudong, Shanghai, China). The 
primer sequences used for PCR and sequencing and their 
original reference were from Galbreath et al. (2009). All 
PCR products were sequenced with an ABi 3730 automatic 
sequencer (Perkin-Elmer, Waltham, MA). Accessions of 
new CYTB sequences are given in supplementary table 
S4, Supplementary Material online.

Sampling, Sequencing, and Filtering the Genome 
Data
One hundred fifteen newly collected samples assigned to 
the subgenus Ochotona based on their morphological 
identifications and phylogenetic analyses of CYTB were se
lected for whole-genome sequencing. These samples in
cluded O. cansus (n = 15), O. curzoniae (n = 67), O. 

dauurica (n = 17), O. nubrica (n = 10), and O. sikimaria 
(n = 6). Moreover, one sample of O. argentata and 27 indi
viduals of O. thibetana were available from a previous 
study (Ge et al. 2022). A total of 1.5 µg of DNA per sample 
was used as the input for DNA library preparation. 
Whole-genome DNA was fragmented to an average size 
of 350 bp by Covaris S220. Sequencing libraries were gen
erated using a TruSeq Nano DNA HT sample preparation 
kit (Illumina USA). Index codes were added to trace the se
quences of each sample. DNA fragments were end po
lished, A-tailed, and ligated with a full-length adapter for 
sequencing. Finally, the PCR products were purified 
(AMPure XP system), and these libraries were analyzed 
to determine their size distribution on an Agilent 2100 
Bioanalyzer and then quantified using real-time PCR. The 
libraries constructed as described above were sequenced 
on the Illumina NovaSeq platform (2 × 150 bp paired- 
end). Sequencing was performed by Berry Genomics 
(Beijing, China). The raw read data of each sample were 
tested and filtered using fastp (Chen et al. 2018). 
Low-quality bases with Phred scores <30 were clipped 
from the 5′ and 3′ ends of the reads. Adapters and low- 
quality and duplicated reads were filtered out. The quality 
of the cleaned data was tested using FASTQC (Schmieder 
and Edwards 2011). Collection information and data size of 
each sample are given in supplementary table S5, 
Supplementary Material online. Sequencing was con
ducted by Berry Genomics (Beijing, China). Original data 
were submitted to the China National GeneBank 
DataBase (CNP0002399).

Reference-Based Assembly
We mapped the clean reads of all sequenced individuals by 
using the genome of O. princeps (Sjodin et al. 2021, 
GCF_014633375.1_OchPri4.0) as a reference in BWA (Li 
and Durbin 2009). The source files generated in this step 
were then sorted and filtered by removing PCR duplicates, 
indels and low-quality sites in SAMtools (Li et al. 2009). 
After filtering, an average of 107,758,998 single nucleotide 
polymorphisms (SNPs) were retained for each individual 
(supplementary table S5, Supplementary Material online). 
A total of 143 vcf files of the subgenus Ochotona together 
with one individual of O. argentata were merged into one 
vcf file for the following analyses (bcftools merge -m snps -f 
PASS, –force-samples) (Danecek et al. 2011). This dataset 
was filtered to remove indels and sites with any missing 
genotypes, and only biallelic sites were kept in the follow
ing analyses. The final dataset included a total of 
14,959,431 SNP sites.

Phylogenetic Reconstruction
We established four datasets to reconstruct the phylogeny 
of sequenced individuals: 1) the CYTB newly generated in 
the present study and those available from GenBank; 2) 
the MTGs of 115 individuals who were freshly sequenced 
in the present study plus those of O. thibetana available 
from a previous study (Ge et al. 2022) and O. princeps 
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(NC005358) from GenBank; 3) the SCOs extracted from 
the contig files of the whole-genome sequencing data of 
the same specimens; and 4) the MTGs generated in the 
present study and those available from GenBank. 
Complete MTG sequences and whole genomes of O. prin
ceps (AJ537415), Lepus timidus (KR019013), Oryctolagus 
cuniculus (AJ001588), and Lepus americanus (KJ397613) 
were downloaded from GenBank. These taxa were used 
as outgroups in the phylogenetic reconstruction.

CYTB was aligned in Muscle (Edgar 2004) and parti
tioned by codon position. The best nucleotide substitution 
model for each partition was chosen in PartitionFinder 
3.8.31 (Lanfear et al. 2017). Bayesian analyses were con
ducted in Mrbayes 3.2 (Ronquist et al. 2012) with four 
chains, each chain consisting of 80 million generations 
with the first 25% discarded as burn-in, and the final 
tree was visualized in Figtree v. 1.4.0 (Rambaut 2010). 
Moreover, we ran a maximum likelihood analysis using 
IQ-Tree (Nguyen et al. 2015). Detailed information for 
CYTB sequences included in these analyses is provided in 
supplementary table S4, Supplementary Material online.

The MTGs and autosomes were assembled by different 
pipelines using clean reads. First, we used GetOrganelle 
(Jin et al. 2020) to assemble the MTGs from the whole clean 
data. MTGs from GenBank and those newly generated in 
the present study were annotated by the online server 
MITOS (Bernt et al. 2013). Thirteen protein-coding 
sequences extracted from MTGs were aligned using 
MUSCLE and concatenated together. We used 
PartitionFinder 3.8.31 to select the most appropriate parti
tion sets for this dataset. We performed Bayesian inferences 
using MrBayes 3.1.12. We also conducted a maximum like
lihood analysis using IQ-Tree. Whole mitochondrial DNA 
sequences with annotation information from newly se
quenced samples were submitted to GenBank under acces
sion numbers OP005990–OP006107, and detailed 
information for these data is provided in supplementary 
table S6, Supplementary Material online.

The de novo assembly of nuclear orthologs from each 
sequenced individual was conducted using MEGAHIT 
1.2.9 (Li et al. 2015). During this analysis, clean reads 
were assembled into contig files that were used to extract 
SCOs in the following analyses. Moreover, we used BUSCO 
3.0.2 (Simão et al. 2015) to estimate the percentage of ex
pected conserved SCOs captured in our assemblies using 
the database of glires as a reference, which was provided 
by OrthoDB 10 (Zdobnov et al. 2020). BUSCO is software 
for assessing genome assembly and annotation complete
ness with SCOs. OrthoDB is a leading resource of evolu
tionary and functional annotations of orthologs.

To extract SCOs from the whole-genome data, we used 
the final contigs resulting from the MEGAHIT assembly as 
input data. We aligned the protein sequence from each of 
the reference species of glires to that from newly as
sembled individuals using TBLASTN (Boratyn et al. 
2013). All coding domains in the assemblies were pre
dicted by metaeuk (Karin et al. 2020). The protein se
quences of SCOs were extracted and aligned in MAFFT 

(Nakamura et al. 2018), and we used Gblocks 0.91b 
(Talavera and Castresana 2007) to remove the highly vari
able regions in the alignments of each ortholog. We in
ferred the gene trees of 6710 SCOs in FastTree (Price 
et al. 2010). Each SCO has at least four individuals present 
in the dataset. The gene trees were used to infer the species 
tree in ASTRAL-III (Zhang et al. 2018).

Identification of Overall Gene Flow Among Species at 
the Genomic Level
To test the gene of flow among genetic lineages, we used 
four different software programs. We first used 
ADMIXTURE (Alexander et al. 2009), a software tool for 
maximum likelihood estimation of individual ancestries 
from multilocus SNP genotype datasets. In these analyses, 
the outgroup species were removed from the dataset, and 
the genotypes were subset to the respective candidate re
gions and converted to plink format (Purcell et al. 2007). 
Admixture was run with k values between 6 and 9 for 
each region. In the second procedure, we pruned the ori
ginal file of the vcf file in high LD. Sites with missing values 
were removed from the analyses. The filtered vcf file and a 
file that provided the information on species assignment 
were used as inputs. Migration edges (0–5) were set with 
O. argentata being used as an outgroup. plotting_funcs. 
R was used to plot the results. These analyses were con
ducted in Treemix (Pickrell and Pritchard 2012). The opti
mal number of migration edges was determined by OptM 
(Fitak 2021). Then, we used Dsuite (Malinsky et al. 2021) to 
calculate the strength of gene flow among the six species 
by three different methods: the D-statistics (Durand 
et al. 2011), f4-ratio (Patterson et al. 2012) and “f-branch” 
method (Malinsky et al. 2018). A phylogenetic tree that in
cluded one individual from each of the six genetic lineages 
generated in the above analyses was used in the analyses, 
and each individual was assigned to corresponding species 
in a sample set file. O. argentata was used as an outgroup. 
First, we run “Dsuite Dtrios’ by using the merged vcf file, 
the tree file, and the sample sets file as input. In these ana
lyses, we obtained the overall statistics among species. 
Second, we run “Dsuite Dinvestigate -w 50,25” by using 
the vcf file, the sample sets file, and the trio-set file as input. 
In this analysis, we identified the strength of gene flow in 
different regions along individual chromosomes. The “-w 
50,25” option specified that the statistics should be aver
aged over windows of 50 informative SNPs, moving for
wards by 25 SNPs at each step. Third, we conducted 
“Dsuite Fbranch” by using the phylogenetic tree and the 
result obtained from the “Dsuite Dtrios” analysis as input, 
which helped in mapping the strength of gene flow with 
the topological structure of the tree. These results were vi
sualized in “plot_d.rb,” “plot_f4ratio.rb” of Dsuite, and 
“ggplot2” of R packages (Wickham 2016).

Moreover, we used G-PhoCS (Gronau et al. 2011) to 
identify the time, direction, and strength of gene flow 
among species. We excluded genomic regions that were 
likely to have evolved under the effect of strong natural 
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selection, including exons of protein-coding genes and the 
2 kb flanking them on each side, as well as repeat elements 
and conserved noncoding elements. Moreover, sites 
with missing data were also removed. After filtering, 
16,517,000 sites remained in the following analyses. We ex
tracted 1 kb loci from these sites. We ran MCMC analyses 
using 1,000 loci by setting up migration bands between 
species and ancestor branches. The MCMC chain was 
run for 80 million generations and sampled every 20 gen
erations. We set up 31 migration bands that included each 
pair of these species as source and target species.

Identification of the Introgressed Segments in the 
Admixed Populations
Six individuals of O. curzoniae, one individual of O. nubrica, 
11 individuals of O. dauurica, and three individuals of O. thi
betana appeared as MTG-admixed individuals. These results 
indicated that at least four waves of mitochondrial intro
gression occurred in the subgenus Ochotona, which offered 
the opportunity to uncover the genomic consequences of 
genomic introgression across different time scales. To iden
tify nuclear genes potentially associated with introgression 
at different timescales, we set the admixed populations of 
O. curzoniae and O. dauurica as target datasets.

The identification of the admixture populations was 
based on three methods. First, we considered the results 
of Admixture. Second, we used Twisst (topology weighting 
by iterative sampling of subtrees, Martin and Belleghem 
2017), a simple, descriptive method designed for exploring 
how relationships vary across the genome using population 
genomic data due to both variations in lineage sorting and 
introgression. Moreover, we defined the populations (n > 3) 
of O. curzoniae and O. dauurica based on their geographical 
localities and then used Dsuite (Malinsky et al. 2021) to de
termine which populations have significant gene flow with 
minor parent species (here, our focus species pairs were O. 
curzoniae and O. nubrica and O. dauurica and O. canus).

We identified the local ancestry of each segment in the 
genome of admixed populations using Loter (Dias-Alves 
et al. 2018). This fast and parameter-free software makes 
genomic studies about admixture processes more access
ible. We annotated the genes present in the admixed po
pulations (from CN and PL) of O. curzoniae and O. 
dauurica. Local ancestry inference in Loter was conducted 
by removing all sites with missing data. The filtered vcf files 
were split into 33 files according to the chromosome num
ber of the reference genome. Then, we ran Loter using the 
admixed populations of O. curzoniae as the recipient 
population, and the nonadmixed O. curzoniae and O. nu
brica were used as the donor populations. Similarly, the ad
mixed populations O. dauurica identified in the above 
analyses were used as recipient populations, and the non
admixed O. dauurica and O. cansus were used as donor po
pulations. During these analyses, sites considered as 
introgressed were marked as “1,” whereas those not suffer
ing introgression were marked as “0”. Sites marked as “1” in 
all individuals were considered “fixed”. As the donor for 

the admixed populations of O. thibetana was extinct, 
that species could not be used for local ancestry inference 
in Loter. To evaluate the ancestry of fixed SNP sites in O. 
dauurica, we extracted these sites from the whole dataset 
and defined them as a file that included fixed sites from 
introgression for O. dauurica. We calculated the pairwise 
distance between individuals in vcf2dis (https://github. 
com/BGI–shenzhen/VCF2Dis) and inferred the phylogenet
ic relationship between individuals using FastMe2.0 (Lefort 
et al. 2015). Annotation of identified loci or genomic regions 
was conducted in snpEff (Cingolani et al. 2012) using the 
genome of O. princeps as a reference. Enrichment of bio
logical processes was conducted in Shinygo (Ge et al. 
2020) by using the American pika and the mouse as back
ground species because the reference genome of the 
American pika remains poorly annotated with a large num
ber of genes with undetermined GeneID. The top twenty 
biological pathways with significant FDR values (P < 0.05) 
were retained for further analyses.

Identifying “Genomic Island of Differentiation”
To identify genomic region of differentiation between ad
mixed and noadmixed populations, as well as between 
these populations with the donor species, we calculated 
FST and Dxy by setting 1) the admixed O. curzoniae, nonad
mixed O. curzoniae, and O. nubrica as separate target 
groups and 2) the admixed O. dauurica, nonadmixed O. 
dauurica, and O. cansus as separate target groups. A sliding 
window of 50 kb with a step size of 10 kb was used in these 
analyses. These analyses were conducted in VCFtools 
(Danecek et al. 2011) and scripts in genomics_general 
(https://github.com/simonhmartin/genomics_general) 
using the aforementioned filtered vcf files.

To further evaluate whether there is enhanced genomic 
differentiation between recipient and donor in the target 
genomic region, we also followed Scherz et al (2022) to 
test the heterogeneity in local topological weightings using 
genomic sliding window trees. A window size of 250 SNPs 
and the GTRGAMMA model in RAxML (Stamatakis 2014) 
was implemented to reconstruct local trees along the 
chromosome. Trees were summarized in TWISST by defin
ing admixded and nonadmixed O. dauurica as separate 
groups. Heterogeneity in local topological weightings 
along the chromosome was visualized in ggplot2.

Inferring the Demographic History
We used three different methods to infer the historical and 
recent demographic history of six species in Ochotona. 
First, we used the PSMC model (Li and Durbin 2011) to 
examine demographic history based on individual contig 
files of the genomic data for each genetic lineage identified 
in the above analyses. We used the contig files that were 
obtained in the above assemblies from MEGAHIT to re
generate 20 pseudochromosomes for each individual. 
Then, the contig files of each individual were randomly 
merged to regenerate 20 pseudochromosomes using 
Fatools in iTools (He et al. 2013). We mapped the clean 
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reads back to the newly generated pseudochromosomes 
individually. Next, we used BWA (Li and Durbin 2009) 
and SAMtools (Li et al. 2009) to convert the aligned results 
to bam files. We sorted the bam files and built an index for 
the sorted file. We estimated genotype likelihoods with an 
adjusted mapping quality greater than 50. We used 
BCFtools (Li 2011) to identify SNPs. We used the file gen
erated in the above step to conduct PSMC analysis. We 
converted the format of consensus sequences using 
fq2psmcfa. After transformation, the population history 
of each species was inferred by PSMC. The historical litera
ture indicated that pikas need approximately half a year to 
reach sexual maturity (Lissovsky 2016); we used 0.5 years as 
the generation time and 2.96 × 10−9 as the mean mutation 
rate for nuclear protein-coding genes as pikas are similar to 
wild rats in size (Teng et al. 2017; Zeng et al. 2018). In the 
second method, we used SMC++, which can jointly infer 
population size histories and split times in diverged popu
lations. It employs a novel spline regularization scheme 
that significantly reduces estimation error (Terhorst et al. 
2017). VCF files generated by mapping clean reads to the 
reference genome, O. princeps, were used as input data. 
Moreover, during the inference of gene flow in G-Phocs 
(Gronau et al. 2011) using the neutral loci, we also analyzed 
the demographical size at the same time. It was calculated 
using the θ value, calculated by θ=4Neμ, in which Ne is the 
total effective population size and μ is the average muta
tion rate; we assumed μ=2.96 × 10−9.

Testing Genome Genetic Loads and Inbreeding 
Depression
Inbreeding depression is one of the major outcomes of 
intraspecific hybridization. Here, we measured genome- 
wide ROH, the indicator of genomic autozygosity, to com
pare the evolutionary history among species (Ceballos 
et al. 2018). This analysis was conducted in Plink (Purcell 
et al. 2007) using filtered VCF files of sequence individuals 
as input. The difference in total length of ROH identified 
by limiting the length to 2 and 200 kb for each species 
was compared. Rapid climatic changes and increases in hu
man impact are usually considered external factors that 
drive demographic decline in nature. Moreover, an in
crease in outbreeding and genetic loads is the primary gen
omic reason that leads to rapid demographic decline (Hu 
et al. 2020; Wang, Burley, et al. 2020; Bertorelle et al. 2022). 
We compared the overall genome genetic loads among six 
species by annotating the biallelic SNP sites presented in all 
individuals. We annotated all SNP sites by excluding sites 
with missing information that avoided the influence of se
quencing depth and coverage in different samples. O. ar
gentata was used as an outgroup taxon. We categorized 
genome genetic loads into three types: variants that cause 
loss of function (LOF genetic load), missense genetic load, 
and synonymous genetic load. We annotated all of these 
sites in snpEff using the genome of O. princeps as a refer
ence. We ran ANOVAs on the values of these types of gen
etic loads among species and between admixed and 

nonadmixed populations to test the significance of their 
difference.

Ecological Niche Modeling
We assessed range shifts of the five target species over time 
by building LIG and LGM, future (MIROC-ESM, rcp45, 
2070), and present ENMs. Bioclimatic variables of 
WorldClim and elevational grids of 2.5 min spatial reso
lution were used as ecological predictors (Fick and 
Hijmans 2017; Karger et al. 2017). Species occurrence was 
mainly based on collecting information from the molecular 
voucher specimens. To reduce spatial autocorrelation and 
sampling bias, we excluded duplicated localities within a 
50 km resolution grid and controlled Moran’s I after each 
modeling run. If Moran’s I was above 0.2, we rarified points 
by distance, sequentially increasing the distance value, 
starting from 10 km. The test sample was obtained by rar
ifying the initial dataset using a similar procedure, but the 
grid resolution and rarifying distance were 1.1-fold larger.

We used the “maxent.jar” algorithm implemented in 
ENMeval 2.0.3 R package (Muscarella et al. 2014; Kass 
et al. 2021) to build Maxent models with a set of para
meters, using regularization multipliers ranging from 0.75 
to 3 with four combinations of feature classes (L, LQ, 
LQH, and LQHP, where L = linear, Q = quadratic, P = prod
uct, and H = hinge). We calculated the principal compo
nent set based on predictors, and for each species, we 
selected only the PCs whose permutation importance 
was above 2% in the preliminary runs. Selection of the 
best model was performed based on AICc, calculated on 
the test sample. Ten thousand background points were 
randomly selected for model calculation from the territory 
of the QHTP with a slightly (three times) higher probability 
of point selection within a 100 km buffer area around pikas 
occurrence points and a ten times higher probability of se
lection around grid cells of all pika species occurrence 
points.

Supplementary Material
Supplementary data are available at Molecular Biology and 
Evolution online.
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