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Abstract 

Background  Introgression has repeatedly been shown to play an important role in the adaptation of species 
to extreme environments, yet how introgression enables rodents with specialized subterranean lifestyle to acclimatize 
to high altitudes is still unclear. Myospalacinae is a group of subterranean rodents, among which the high-altitude pla-
teau zokors (Eospalax baileyi) and the low-altitude Gansu zokors (E. cansus) are sympatrically distributed in the grass-
land ecosystems of the Qinghai-Tibet Plateau (QTP). Together, they provide a model for the study of the role of intro-
gression in the adaptation of low-altitude subterranean rodents to high altitudes.

Results  Applying low-coverage whole-genome resequencing and population genetics analyses, we identified 
evidence of adaptive introgression from plateau zokors into Gansu zokors, which likely facilitated the adaptation 
of the latter to the high-altitude environment of the QTP. We identified positively selected genes with functions 
related to energy metabolism, cardiovascular system development, calcium ion transport, and response to hypoxia 
which likely made critical contributions to adaptation to the plateau environment in both plateau zokors and high-
altitude populations of Gansu zokors.

Conclusions  Introgression of genes associated with hypoxia adaptation from plateau zokors may have played a role 
in the adaptation of Gansu zokors to the plateau environment. Our study provides new insights into the understand-
ing of adaptive evolution of species on the QTP and the importance of introgression in the adaptation of species 
to high-altitude environments.

Keywords  Myospalacinae, Low-coverage whole-genome resequencing, Population genomics, Adaptive evolution, 
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Background
Under rapid climate change, species may adapt to their 
environments by generating novel advantageous muta-
tions, but as the spontaneous generation of these muta-
tions is rare, this scenario is often insufficient to cope 
with the various environmental challenges [1, 2]. The 
acquisition of advantageous variants via gene introgres-
sion can become a key way for species to improve their 
fitness, especially in a rapidly changing environment, and 
the rates of acquiring new genetic alleles or haplotypes 
via introgression are much faster than those of acquir-
ing beneficial variants through spontaneous mutation [3]. 
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Thus, when a species is not at its optimal fitness due to 
range expansion or the strong impacts of environmental 
changes, its adaptation to new environmental challenges 
can be accelerated through introgressive hybridization 
with a closely related native species that has already 
evolved adaptive strategies to cope with similar envi-
ronmental challenges [4]. This process of rapid adaptive 
evolution of species by moving adaptive alleles between 
species through gene introgression is called adaptive 
introgression. In contrast to de novo mutations, alleles 
from other species have been pre-tested by selection [5], 
and through adaptive introgression, recipient species can 
directly benefit from environmental adaptation strate-
gies that have evolved over a longer period of time in the 
donor species [4]. Thus, as an important evolutionary 
mechanism [6], adaptive introgression is currently recog-
nized as an important source of adaptation across diverse 
taxa [7].

More and more evidence has underscored the impor-
tance of gene introgression from other species for adapta-
tion to new environmental challenges in recipient species 
[8–12]. At present, due to the unique environment and 
rich species diversity on the Qinghai-Tibet Plateau 
(QTP), a large number of studies have focused on adap-
tation to the high-altitude and low oxygen environment 
in this region via adaptive introgression. These include 
adaptive introgressions occurring from Neanderthals 
and Denisovans, both ancient humans, to Tibetans [13, 
14], from yak to Tibetan cattle [15, 16], and from Tibetan 
wolves to Mastiff dogs [4, 17]. These studies all highlight 
the critical role of gene introgression in the adaptation of 
species to high altitude and low oxygen.

Myospalacinae, also known as zokors, are subter-
ranean rodents that inhabit the agropastoral ecotone 
with an annual precipitation of 400 mm in China [18, 
19]. Because of their specialized subterranean lifestyle, 
zokors make excellent subjects for the study of hypoxic 
adaptation. Among the eight species of Myospalacinae 
distributed across China, the plateau zokor (Eospalax 
baileyi) is known as a “bioengineer” of grassland eco-
systems on the QTP because its excavation of under-
ground tunnels and moderate feeding on grassland 
vegetation can promote material cycles and energy 
flows in the ecosystem. Nevertheless, the current 
increase in its population density under the influence 
of human activities has accelerated the degradation 
of grasslands in this region [20]. Plateau zokors have 
attracted extensive attention due to their prominent 
ecological functions and great ecological value. Intrigu-
ingly, in Myospalacinae, the Gansu zokor (E. cansus), a 
low-altitude species which originated and is currently 
distributed on the Loess Plateau and in the northern 

Qinling Mountains in the northwest of China [18], lives 
across a wide range of altitudes within its distribution 
and is sympatric with the plateau zokor in the grassland 
ecosystem along the eastern edge of the QTP. These 
two species are sister species and diverged at approxi-
mately 3.22 Mya [18, 21, 22]. The dual nature of plateau 
species and subterranean species, combined with the 
unique distribution pattern of plateau zokor and Gansu 
zokor, provides an ideal model for the study of high-
altitude and hypoxic adaptation and interspecific gene 
introgression.

What are the molecular mechanisms by which pla-
teau zokors and high-altitude Gansu zokors have 
adapted to the plateau environment? Considering their 
sympatric distributions along the eastern edge of the 
QTP, has there been any interspecific adaptive intro-
gression from plateau zokors to Gansu zokors, thus 
facilitating the adaptation of Gansu zokors to the pla-
teau environment? Previous studies have shown that 
EPAS1 (endothelial PAS domain protein 1) is a key 
gene in the adaptation of Tibetans to the plateau envi-
ronment [23, 24], and the blunted regulation of NO 
facilitates vasodilatation and thus promotes oxygen 
transport, which is also one of the important mecha-
nisms for the adaptation of Tibetans to the low oxygen 
environment of the plateau [25]; Zhang et  al. studied 
the plateau environment adaptation mechanism of 
plateau zokor and found that genes were significantly 
enriched in GO entries related to the cardiovascular 
system [26]. In addition, a comparative transcriptomic 
study of the hearts of Tibetan and plains pigs showed 
that the differentially expressed genes in Tibetan and 
plains pigs were enriched in the Hif-1 signaling path-
way, the VEGF signaling pathway, and the hypoxia-
related process [27]. Therefore, we hypothesized that if 
adaptive introgression existed between plateau zokors 
and Gansu zokors, adaptive introgressed genes from 
plateau zokors in Gansu zokors would be significantly 
enriched in the entries related to the cardiovascular 
system as well as in pathways related to hypoxia.

In the present study, we used low-coverage whole-
genome resequencing (LcWGR) to study the popula-
tion genomics, high-altitude adaptation mechanism, 
and interspecific gene introgression of plateau zokors 
and Gansu zokors based on 19 populations across their 
distributions in China. The aim of this study was to 
clarify the adaptive evolutionary patterns of the plateau 
zokor and the Gansu zokor at the molecular level. The 
results are of great scientific significance to the under-
standing of biological adaptation models and the for-
mation and maintenance of mechanisms of biodiversity 
on the QTP as well as for furthering the integrated con-
trol and management of zokors.
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Results
Raw data quality control
In this study, 129 individuals were sampled from 
13 populations of plateau zokors, and 101 individu-
als were sampled from 6 populations of Gansu zokors 
(Fig.  1). LcWGR was performed on 184 individuals 
from 12 zokor populations sampled in the field. A total 
of 876.23 Gb of raw sequence reads was obtained, and 
865.64  Gb of clean sequence reads remained after fil-
tering, accounting for 98.81% of all bases. On average, 
97.83% of clean reads met the Q20 quality threshold, 
and 93.13% met the Q30 threshold. The average GC 
content of clean reads was 42.16% (Additional file  1: 
Table S3). The proportion of high-quality clean reads in 
all individuals exceeded 99% (Additional file 1: Fig. S1), 
and the base confidences and sequencing data qualities 
were very high (Additional file 1: Fig. S2, S3), indicating 
that this data was suitable for further analysis.

Reference genome alignment
We were able to align 99.39% of clean reads from the 
LcWGR samples to the 2.57 Gb plateau zokor reference 
genome, with an average sequencing depth of 1.73 × . 
Other alignment information is detailed in Table  S4 
(Additional file 1).

Mutation detection and SNP annotation
After combining the data from 47 individuals (including 
one outgroup) downloaded from public online databases 
with the data from 184 individuals obtained via LcWGR 
in this study, a total of 44,735,823 SNPs were identified 
after quality filtering. After annotation of these SNPs, 
324,125 were shown to be missense mutations, account-
ing for 39.03% of all mutations in protein-coding regions; 
5482 were shown to be nonsense mutations, account-
ing for 0.66% of all coding mutations, and 500,915 were 
silent mutations, accounting for 60.31%. SNPs were most 
likely to be located within intronic regions, accounting 
for 54.12% of all SNPs, followed by intergenic regions 
with 32.17% of all SNPs. Within gene regions, 5.14% of all 
SNPs were located in downstream regions, 4.99% were in 
upstream regions, and 1.79% of all SNPs were located in 
3′ untranslated regions (3′ UTRs). Most of the remain-
ing SNPS, accounting for less than 1.5% of all SNPs, 
were located in exonic regions, 5′ untranslated regions 
(5′ UTRs), and splice site regions (Additional file  1: 
Table S5). In addition, the transition/transversion (Ts/Tv) 
ratio for all SNPs was 2.51 (Additional file 1: Table S6).

Population structure
Phylogenetic analysis indicated that most individuals 
clustered within their respective populations, which were 
generally distinct. However, individuals from the two 

Fig. 1  Sampling sites of plateau zokor and Gansu zokor populations. A Geographic distribution of each species and sampling localities. B 
Enlargement of TZ sympatric distribution area. C Enlargement of SD sympatric distribution area. Red point: plateau zokor individuals; black point: 
Gansu zokor individuals



Page 4 of 23Kang et al. BMC Biology          (2024) 22:187 

highest altitude populations of plateau zokors, ZQ (pla-
teau zokor, altitude: 4342 m) and XW (plateau zokor, alti-
tude: 4420 m), were mixed together, and a few individuals 
of the QY (Gansu zokor, altitude: 1300  m) population 
clustered with the ZD (Gansu zokor, altitude: 1230  m) 
population. Only three individuals, JY006 (Gansu zokor, 
altitude: 2000 m), ZD5 (Gansu zokor, altitude: 1230 m), 
and SDG3 (Gansu zokor, altitude: 2800  m), did not 

cluster with their respective populations (Fig.  2A). The 
two species, plateau zokor and Gansu zokor, were clearly 
differentiated from each other. With the DH (plateau 
zokor, altitude: 2900 m) and HL (plateau zokor, altitude: 
3000  m) populations as the boundary, the entire upper 
part of the phylogenetic tree consisted of plateau zokor 
individuals, and the lower part of the tree consisted of 
Gansu zokor individuals. Despite potentially serving 

Fig. 2  The phylogenetic analysis, admixture analyses, demographic inferences, and linkage disequilibrium analysis of plateau zokors and Gansu 
zokors. A Phylogenetic tree. B Principal component analysis (PCA). (a) PCA with PC1 and PC2; (b) PCA with PC1 and PC3. The circles represent 
populations of plateau zokors, and the triangles represent populations of Gansu zokors. Each color represents a different population. C Population 
genetic structure. The presence of each color represents new genetic information. D Demographic history. Estimated effective population sizes (Ne) 
and divergence times are shown. The numbers next to colored arrows indicate the per generation migration rates between populations. E Decay 
of linkage disequilibrium for different populations of plateau zokors and Gansu zokors. The horizontal axis indicates the distance between two 
points on the genome, and the vertical axis indicates the linkage unbalance coefficient



Page 5 of 23Kang et al. BMC Biology          (2024) 22:187 	

as a natural barrier, plateau zokor populations were not 
strictly divided into two branches separated by the Yel-
low River. The YK (plateau zokor, altitude: 3700 m) pop-
ulation north of the Yellow River and the MD (plateau 
zokor, altitude: 4300  m) population south of the Yellow 
River formed a branch, and the PA (plateau zokor, alti-
tude: 2900  m) and HL (plateau zokor, altitude: 3000  m) 
populations north of the Yellow River formed a separate 
branch. Among Gansu zokors, the high-altitude Gansu 
zokor populations in the sympatric distribution areas, 
SDG (Gansu zokor, altitude: 2800  m) and TZG (Gansu 
zokor, altitude: 3000 m), were clearly differentiated from 
the other low-altitude Gansu zokor populations, YZ 
(Gansu zokor, altitude: 2200  m), JY (Gansu zokor, alti-
tude: 2000 m), QY (Gansu zokor, altitude: 1300 m), and 
ZD (Gansu zokor, altitude: 1230 m).

PCA revealed relationships among populations that 
were very similar to those depicted in the phylogenetic 
tree (Fig. 2B). PC1 explained 40.3% of the total variance 
in the dataset. Along PC1, plateau zokors and Gansu 
zokors were completely distinct, with the Gansu zokor 
populations on the left and the plateau zokor populations 
on the right; thus, PC1 mainly reflects interspecific vari-
ation. PC2 explained 14.38% of the total variance. Along 
PC2, the separation between the high-altitude Gansu 
zokors in the sympatric distribution areas and the rest of 
the low-altitude Gansu zokors was apparent, which was 
consistent with the population relationships revealed by 
the phylogenetic tree, implying genetic differentiation 
between the low-altitude Gansu zokors and high-altitude 
Gansu zokors. The plateau zokors did not show separa-
tion along PC2. Thus, PC2 mainly reflected altitude dif-
ferences in Gansu zokors (Fig. 2B). PC3 explained 10.04% 
of total variance. Along PC3, plateau zokors could be cat-
egorized into three groups: a group consisting of the BZ 
(plateau zokor, altitude: 3000 m), DH (plateau zokor, alti-
tude: 2900 m), SDP (plateau zokor, altitude: 2800 m), TZP 
(plateau zokor, altitude: 3000 m), HJ (plateau zokor, alti-
tude: 2800 m), and QL (plateau zokor, altitude: 2800 m) 
populations, a group consisting of the ZQ (plateau zokor, 
altitude: 4342  m), GN (plateau zokor, altitude: 3600  m), 
and XW (plateau zokor, altitude: 4420  m) populations, 
and a group consisting of the YK (plateau zokor, altitude: 
3700 m), MD (plateau zokor, altitude: 4300 m), PA (pla-
teau zokor, altitude: 2900 m), and HL (plateau zokor, alti-
tude: 3000  m) populations (Fig.  2B). This was in strong 
agreement with the population relationships among pla-
teau zokors as reflected in the phylogenetic tree.

Genetic structure analysis revealed the mixing of 
genetic variation among populations (Fig.  2C). When 
K = 2, all populations were clearly divided into two 
genetic clusters by species, with the plateau zokors on the 
left and the Gansu zokors on the right. In addition, there 

were some genetic variants attributed to Gansu zokors 
mixed into the XW (plateau zokor, altitude: 4420  m), 
ZQ (plateau zokor, altitude: 4342  m), and GN (plateau 
zokor, altitude: 3600  m) populations of plateau zokors. 
When K = 3, four populations of plateau zokors clus-
tered together (MD, YK, PA, and HL), and the XW (pla-
teau zokor, altitude: 4420 m), ZQ (plateau zokor, altitude: 
4342 m), and GN (plateau zokor, altitude: 3600 m) pop-
ulations still had some genetic variants from the Gansu 
zokors mixed in. When K = 4, the high-altitude Gansu 
zokors in the sympatric distribution areas, SDG (Gansu 
zokor, altitude: 2800 m) and TZG (Gansu zokor, altitude: 
3000 m), clustered distinctly, while genetic variants from 
high-altitude Gansu zokors were mixed in with the XW 
(plateau zokor, altitude: 4420 m), ZQ (plateau zokor, alti-
tude: 4342 m), and GN (plateau zokor, altitude: 3600 m) 
populations of plateau zokors. Thus, when the K value 
ranged from 2 to 4, the structure analysis indicated mix-
ing of genetic variants between the two species. When 
the K value ranged from 5 to 10, there was no mixing 
of genetic components between the plateau zokors and 
the Gansu zokors. Instead, intraspecific genetic variants 
appeared to be mixed among the populations of each 
respective species, accompanied by the distinct clusters 
for some individual populations. In general, the genetic 
variants of the following populations were highly similar 
to each other and remained consistent for all K values: 
XW (plateau zokor, altitude: 4420  m) and ZQ (plateau 
zokor, altitude: 4342 m) populations; MD (plateau zokor, 
altitude: 4300 m) and YK (plateau zokor, altitude: 3700 m) 
populations; QL (plateau zokor, altitude: 2800 m) and HJ 
(plateau zokor, altitude: 2800  m) populations; PA (pla-
teau zokor, altitude: 2900 m) and HL (plateau zokor, alti-
tude: 3000  m) populations; BZ (plateau zokor, altitude: 
3000 m), DH (plateau zokor, altitude: 2900 m), and SDP 
(plateau zokor, altitude: 2800  m) populations of plateau 
zokors; the high-altitude populations of the Gansu zokor, 
SDG (Gansu zokor, altitude: 2800  m) and TZG (Gansu 
zokor, altitude: 3000  m) populations; JY (Gansu zokor, 
altitude: 2000 m) and YZ (Gansu zokor, altitude: 2200 m) 
populations; and lastly QY (Gansu zokor, altitude: 
1300 m) and ZD (Gansu zokor, altitude: 1230 m) popula-
tions of Gansu zokors.

Demographic history
The JY (Gansu zokor, altitude: 2000  m) population 
of Gansu zokor and the TZG (Gansu zokor, altitude: 
3000  m) high-altitude population of Gansu zokor 
diverged into two populations about 1.01  Ma, while 
the TZP (plateau zokor, altitude: 3000  m) population 
of plateau zokor diverged from the TZG (Gansu zokor, 
altitude: 3000  m) population about 0.5  Ma. Gene flow 
analysis indicated that the level of gene flow from the 
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TZP (plateau zokor, altitude: 3000 m) population of pla-
teau zokor to the TZG (Gansu zokor, altitude: 3000  m) 
population of Gansu zokor was higher than the level of 
gene flow in the opposite direction. The level of gene 
flow from TZP (plateau zokor, altitude: 3000 m) to TZG 
(Gansu zokor, altitude: 3000 m) was also higher than that 
from the TZG (Gansu zokor, altitude: 3000  m) popula-
tion to the JY (Gansu zokor, altitude: 2000 m) population 
of Gansu zokor, which was basically equal to that from 
the JY (Gansu zokor, altitude: 2000  m) to TZG (Gansu 
zokor, altitude: 3000 m) populations (Fig. 2D).

Analysis of linkage disequilibrium
Linkage disequilibrium in the high-altitude MD (pla-
teau zokor, altitude: 4300 m) population of plateau zokor 
decayed significantly more slowly than other populations, 
indicating a high degree of linkage. Thus, this population 
possessed low population genetic diversity and was likely 
subject to high selection intensity. The QY (Gansu zokor, 
altitude: 1300  m) population of Gansu zokor had the 
fastest decay rate and the highest genetic diversity. The 
seven populations ranked according to the rate of decay 
of linkage disequilibrium from slow to fast were as fol-
lows: MD (plateau zokor, altitude: 4300 m) < HL (plateau 
zokor, altitude: 3000  m) < QL (plateau zokor, altitude: 
2800  m) < SDP (plateau zokor, altitude: 2800  m) < SDG 
(Gansu zokor, altitude: 2800  m) < JY (Gansu zokor, alti-
tude: 2000  m) < QY (Gansu zokor, altitude: 1300  m) 
(Fig. 2E).

Analysis of selection signals in high‑altitude populations
The ZQ (plateau zokor, altitude: 4342  m) population 
of plateau zokor (altitude: 4300  m) and the ZD (Gansu 
zokor, altitude: 1230  m) population of Gansu zokor 
(altitude: 1300  m) were examined for evidence of selec-
tive sweeps (Additional file  1: Fig. S4A). The purple 
datapoints in the figure indicate genomic regions under 
positive selection in the ZQ (plateau zokor, altitude: 
4342  m) population. A total of 911 candidate positively 
selected genes were annotated in these regions. Among 
all significantly enriched GO terms and KEGG path-
ways (Additional file  2: Table  S7, S8), we identified sev-
eral significantly enriched GO terms related to hypoxic 
adaptation, including those related to vascular, red blood 

cell, heart, and calcium ion transport (Additional file  1: 
Table  S9), and also KEGG pathways related to hypoxic 
adaptation such as MAPK signaling pathway and Hippo 
signaling pathway.

Similarly, the high-altitude TZG (Gansu zokor, altitude: 
3000 m) population of Gansu zokor and the low-altitude 
ZD (Gansu zokor, altitude: 1230 m) population of Gansu 
zokor were examined for evidence of selective sweeps 
(Additional file 1: Fig. S4B). The purple datapoints in the 
figure indicate genomic regions under positive selection 
in the TZG (Gansu zokor, altitude: 3000 m) population. 
A total of 960 candidate genes were annotated in these 
regions. Among all significantly enriched GO terms 
and KEGG pathways (Additional file  2: Table  S10, S11), 
we also identified several significantly enriched terms 
related to hypoxic adaptation, including those related to 
hypoxic response, vascularity, erythrocytes, heart, and 
calcium ion transport (Additional file 1: Table S12), and 
also KEGG pathways related to hypoxic adaptation such 
as HIF-1 signaling pathway, PI3K-Akt signaling pathway 
and MAPK signaling pathway.

Interspecific gene introgression
For populations in the TZ sympatric distribution area, 
the value of the D-statistic was less than 0 and |Z| was 
greater than 3 regardless of whether P1 was YZ (Gansu 
zokor, altitude: 2200  m), JY (Gansu zokor, altitude: 
2000  m), ZD (Gansu zokor, altitude: 1230  m), or QY 
(Gansu zokor, altitude: 1300  m), suggesting that there 
was gene exchange between TZG (Gansu zokor, altitude: 
3000 m) and TZP (plateau zokor, altitude: 3000 m). Since 
the numerator of the formula used in the analysis was 
BABA-ABBA, the negative D-statistics indicated intro-
gression from TZP (P3) to TZG (P2) (Table 1). For popu-
lations in the SD sympatric distribution area, the value of 
the D-statistic was less than 0 and |Z| was greater than 
3 regardless of whether P1 was YZ (Gansu zokor, alti-
tude: 2200  m), JY (Gansu zokor, altitude: 2000  m), ZD 
(Gansu zokor, altitude: 1230  m), or QY (Gansu zokor, 
altitude: 1300  m), suggesting that there was also gene 
exchange between SDG (Gansu zokor, altitude: 2800 m) 
and SDP (plateau zokor, altitude: 2800  m) (Additional 
file  1: Table  S13). As observed for the TZ populations, 

Table 1  Results of D-statistic tests between TZG and TZP populations

P1 P2 P3 Outgroup D-stat Z BABA ABBA

YZ TZG TZP Rpr -0.1768 -20.869 6167 8816

JY TZG TZP Rpr -0.168 -20.905 6312 8862

ZD TZG TZP Rpr -0.2294 -29.775 5728 9139

QY TZG TZP Rpr -0.1988 -26.684 6779 10,144
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the negative D-statistics for the SD populations indicated 
introgression from SDP (P3) to SDG (P2).

Proportion of genes that underwent introgression 
and screening of introgressed genes based 
on the fd‑statistic
To identify genomic regions that underwent introgres-
sion, we calculated the fd-statistic for genomic regions 
with positive selection signals, as identified earlier in this 
study. Regions with 0 < fd < 1, Z-score-fd > 3, and P-value-
fd < 0.05 were categorized as introgressed regions. For the 
TZ sympatric distribution area, we screened 6533, 6462, 
5848, and 5761 genomic windows, which were the posi-
tively selected regions when P1 was ZD (Gansu zokor, 
altitude: 1230  m), YZ (Gansu zokor, altitude: 2200  m), 
QY (Gansu zokor, altitude: 1300 m), and JY (Gansu zokor, 
altitude: 2000 m), respectively. The size of each window 
was 50  kb, and the size of the plateau zokor reference 
genome was 2,569,336,452  bp. The proportions of the 
genome that were introgressed from TZP (plateau zokor, 
altitude: 3000 m) to TZG (Gansu zokor, altitude: 3000 m) 
were estimated to be 0.29%, 0.29%, 0.29%, and 0.27% for 
the four aforementioned population combinations, with 
an average proportion of 0.285%.

Due to the large number of windows with significant 
introgression signals, only the results for the windows 
with strong signals (fd > 0.15) (Table 2, S14-S16) and the 
regions (Fig. 4A–D) with strong signals are shown here. 
We then identified 54 genes located in these putatively 
introgressed regions with fd > 0.15. The top 30 enriched 
GO terms for these genes are reported in Fig. S5A (Addi-
tional file 1). The top BP (Biological process) terms were 
cell adhesion, regulation of cell proliferation, miRNA 
catabolism, glycolysis, and cell differentiation. The top 
MF (molecular function) terms were calcium binding, 
enzyme binding, and enzyme activity, and the top CC 
(Cellular component) terms were organelle membranes, 
endoplasmic reticulum membranes, plasma membranes, 
and muscle membranes.

The top 20 enriched KEGG pathways for these intro-
gressed genes are shown in Fig. S5B (Additional file  1). 
The top Environmental Information Processing path-
ways were the VEGF signaling pathway and the PI3K-Akt 
signaling pathway. The top Genetic Information Process-
ing pathway was the nucleotide excision repair pathway. 
Chemical carcinogenesis and viral infections pathways 
were the top Human Diseases pathways. The top Metab-
olism pathways were related to a variety of metabolic 
processes and interconversion of pentose and glucuro-
nide, and the top Organismal Systems pathways were 
related to growth hormone synthesis and secretion and 
olfactory transduction.

We similarly screened genomic windows under posi-
tive selection for evidence of introgression using the fd-
statistic in populations in the SD sympatric distribution 
area, ultimately screening 5712, 5725, 5265, and 5039 
windows, which were the positively-selected regions 
when P1 was ZD (Gansu zokor, altitude: 1230  m), YZ 
(Gansu zokor, altitude: 2200  m), QY (Gansu zokor, alti-
tude: 1300  m), and JY (Gansu zokor, altitude: 2000  m), 
respectively. The proportions of the genome that were 
introgressed from SDP (plateau zokor, altitude: 2800 m) 
to SDG (Gansu zokor, altitude: 2800 m) were estimated 
to be 0.33%, 0.32%, 0.34%, and 0.29% for the four afore-
mentioned population combinations, with an average 
proportion of 0.32%.

Due to the large number of windows with significant 
introgression signals, only the results for the windows 
with strong signals (fd > 0.15) (Additional file 1: Table S17-
S20) and the regions (Fig.  3E–H) with strong signals 
are shown here. We then identified 64 genes located in 
these putatively introgressed regions with fd > 0.15. The 
top 30 enriched GO terms for these genes, which were 
highly similar to the top GO terms for introgressed genes 
in the TZG (Gansu zokor, altitude: 3000 m) population, 
are reported in Fig. S6A (Additional file  1). The top BP 
terms were cell adhesion, regulation of cell proliferation, 
miRNA catabolism, glycolysis, and cell differentiation. 
The top MF terms were calcium binding, enzyme bind-
ing, and enzyme activity, and the top CC terms were 
presynaptic endocytosis zone membrane, plasma mem-
brane, endoplasmic reticulum membrane, and ruffle 
membrane.

The top 20 enriched KEGG pathways for these intro-
gressed genes are shown in Fig. S6B (Additional file  1). 
The top Cellular Processes pathway was the regulation of 
actin cytoskeleton pathway, and the top Environmental 
Information Processing pathway was the VEGF signal-
ing pathway. The nucleotide excision repair pathway was 
the top Genetic Information Processing pathway, and the 
most significantly enriched Human Diseases pathways 
were associated with chemical carcinogenesis and viral 
infection. The top Metabolism pathways were associated 
with a variety of metabolic processes and steroid hor-
mone biosynthesis. Lastly, the top Organismal Systems 
pathways were related to growth hormone synthesis and 
secretion, cortisol synthesis and secretion, thyroid hor-
mone synthesis, and olfactory transduction.

Analysis of adaptive introgression
In the sympatric distribution area TZ, we searched for 
selective sweeps using the TZP (plateau zokor, altitude: 
3000 m)-ZD (Gansu zokor, altitude: 1230 m) species pair 
and identified 1146 positively selected genes in the TZP 
(plateau zokor, altitude: 3000  m) population (Fig.  4A). 
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Similarly, we searched for selective sweeps using the 
TZG (Gansu zokor, altitude: 3000 m)-ZD (Gansu zokor, 
altitude: 1230 m) population pair and identified 892 posi-
tively selected genes in the TZG (Gansu zokor, altitude: 
3000  m) population (Fig.  4B). We then identified 159 
genes that were under positive selection in both the TZP 
(plateau zokor, altitude: 3000 m) and TZG (Gansu zokor, 
altitude: 3000 m) populations. Of these shared positively 
selected genes, 99 had positive and significant fd-statis-
tics, indicating that they likely had undergone introgres-
sion as well. Thus, these 99 genes could be characterized 
as adaptive genes in the TZG (Gansu zokor, altitude: 
3000 m) population that were introgressed from the TZP 
(plateau zokor, altitude: 3000 m) population (Additional 
file 1: Table S21).

Among all significantly enriched GO terms and KEGG 
pathways (Additional file 2: Table S22-S23), we identified 
several significantly enriched terms related to hypoxic 
adaptation, including some related to the cardiovascular 
system and response to hypoxia (Table 3), which further 
suggested a role for some introgressed genes in the high-
altitude adaptation process in Gansu zokors.

In the sympatric distribution area SD, we searched 
for selective sweeps using the SDP (plateau zokor, alti-
tude: 2800  m)-ZD (Gansu zokor, altitude: 1230  m) spe-
cies pair and identified 629 positively selected genes in 
the SDP (plateau zokor, altitude: 2800  m) population 
(Additional file  1: Fig. S7A). Similarly, we searched for 
selective sweeps using the SDG (Gansu zokor, altitude: 
2800 m)-ZD (Gansu zokor, altitude: 1230 m) population 
pair and identified 488 positively selected genes in the 
SDG (Gansu zokor, altitude: 2800 m) population (Addi-
tional file  1: Fig. S7B). We identified 50 of these genes 
as under positive selection in both the SDP (plateau 
zokor, altitude: 2800 m) and SDG (Gansu zokor, altitude: 
2800 m) populations. Of these shared positively selected 
genes, 32 had positive and significant fd-statistics, indi-
cating that they likely had undergone introgression. Thus, 
these 32 genes could be characterized as adaptive genes 
in the SDG (Gansu zokor, altitude: 2800  m) population 
that were introgressed from the SDP (plateau zokor, alti-
tude: 2800 m) population (Additional file 1: Table S24).

Among all significantly enriched GO terms and KEGG 
pathways (Additional file 2: Table S25-S26), we also found 
four significantly enriched terms related to hypoxic 
adaptation, including those related to the cardiovascu-
lar system and calcium ion transport (Additional file  1: 
Table S27), and KEGG pathway related to hypoxic adap-
tation such as PI3K-Akt and MAPK signaling pathway. 
These results suggested a role for some introgressed 
genes in the process of high-altitude adaptation in Gansu 
zokors.

Of the adaptive genes introgressed from population 
TZP (plateau zokor, altitude: 3000 m) into TZG (Gansu 
zokor, altitude: 3000  m), we visualized haplotype shar-
ing for Uvrag (UV radiation resistance-associated gene), 
Hpse2 (heparinase 2), Slit2 (slit guidance ligand 2), Ece1 
(endothelin-converting enzyme 1), and Nrp1 (neuropi-
lin 1) (Fig.  5). From the degree of haplotype sharing in 
pairwise comparisons between TZP (plateau zokor, alti-
tude: 3000 m) and TZG (Gansu zokor, altitude: 3000 m), 
we found that haplotype sharing was much more exten-
sive from the plateau zokors (TZP) than from the Gansu 
zokors (TZG). Similarly, we visualized haplotype shar-
ing for the genes Phex (phosphate regulating endopepti-
dase X-linked), Ireb2 (iron-responsive element-binding 
protein 2), Cask (calcium/calmodulin-dependent ser-
ine protein kinase), and Gpc3 (glypican 3), all of which 
were adaptive genes introgressed from SDP (plateau 
zokor, altitude: 2800 m) into SDG (Gansu zokor, altitude: 
2800  m) (Additional file  1: Fig. S8). We also found that 
haplotype sharing was more extensive from the plateau 
zokors (SDP) than from the Gansu zokors (SDG) for 
these genes.

Discussion
Low‑coverage whole‑genome resequencing
Routine in-depth whole genome resequencing and 
reduced-representation genome sequencing are now 
widely used in various studies of plants and animals. 
LcWGR is more cost-effective than in-depth whole-
genome resequencing, and low-depth sequencing with 
multiple samples is more accurate in estimating many 
population parameters than high-depth sequencing 

Fig. 3  Some regions with strong introgression signal. A JY-TZG-TZP-Rpr. The region shown in the figure contains the genes Pcdhb (protocadherin 
beta) 13, Pcdhb20, Pcdhb21, and Pcdhb22. B QY-TZG-TZP-Rpr. The region shown in the figure contains the genes Pcdhb13, Pcdhb20, Pcdhb21, 
and Pcdhb22. C YZ-TZG-TZP-Rpr. The region shown in the figure contains the gene Ly6m (lymphocyte antigen 6 family member M). D 
ZD-TZG-TZP-Rpr. The region shown in the figure contains the genes Pcdhb13, Pcdhb20, Pcdhb21, and Pcdhb22. E JY-SDG-SDP-Rpr. The region shown 
in the figure contains the genes Pcdhb13, Pcdhb20, Pcdhb21, and Pcdhb22. F QY-SDG-SDP-Rpr. The region shown in the figure contains the genes 
Pcdhb13, Pcdhb20, Pcdhb21, and Pcdhb22. G YZ-SDG-SDP-Rpr. The region shown in the figure contains the genes Zbtb7a (zinc finger and BTB 
domain containing 7a) and Creb3l3 (cAMP responsive element binding protein 3 like 3). H ZD-SDG-SDP-Rpr. The region shown in the figure contains 
the genes Pcdhb13, Pcdhb20, Pcdhb21, and Pcdhb22. Count indicates the number of ABBA or BABA patterns; Position indicates the physical location 
in the genome

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Fig. 4  Genome-wide selection signals. Selection signals for A populations TZP and ZD and B populations TZG and ZD. The green and red areas 
at the top of the figures indicate the 5% of genomic regions with lowest and highest Pi ratios, respectively, and the orange areas on the right 
of the figures indicate the 10% of genomic regions with highest Fst. The red and purple areas in the center of the figures indicate the intersections 
of these top Fst and Pi regions, which constitute candidate loci under positive selection, with the purple areas indicating regions under selection 
in A population TZP and B population TZG

Table 3  Significantly enriched GO terms related to cardiovascular system and response to hypoxia for adaptive introgressed genes in 
the TZG population

P ≤ 0.05 was considered statistically significant

Term ID Term description P value Genes

GO:0060982 Coronary artery morphogenesis  < 0.001 Nrp1 (neuropilin 1), Arid2 (AT-rich interaction domain 2)

GO:0010613 Positive regulation of cardiac muscle hypertrophy  < 0.001 Ankrd55 (ankyrin repeat domain 55), Ece1 (endothelin-con-
verting enzyme 1)

GO:0048008 Platelet-derived growth factor receptor signaling pathway 0.01 Fer (FER tyrosine kinase), Nrp1

GO:0008217 Regulation of blood pressure 0.02 Corin (corin, serine peptidase), Ece1

GO:1,904,753 Negative regulation of vascular associated smooth muscle 
cell migration

0.03 Prkg1 (protein kinase cGMP-dependent 1)

GO:0005021 Vascular endothelial growth factor-activated receptor activity 0.03 Nrp1

GO:0035912 Dorsal aorta morphogenesis 0.03 Rbpj (recombination signal binding protein for immunoglob-
ulin kappa J region)

GO:0097746 Regulation of blood vessel diameter 0.03 Ece1

GO:0060087 Relaxation of vascular smooth muscle 0.04 Prkg1

GO:0045822 Negative regulation of heart contraction 0.04 Prkg1

GO:0003198 Epithelial to mesenchymal transition involved in endocardial 
cushion formation

0.05 Rbpj

GO:0003214 Cardiac left ventricle morphogenesis 0.05 Rbpj

GO:0001666 Response to hypoxia 0.05 Nox4 (NADPH oxidase 4), Ece1, Pam (peptidylglycine alpha-
amidating monooxygenase)
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with fewer samples [28, 29]. Furthermore, reduced-rep-
resentation genome sequencing only captures 1–10% 
of the genome, thereby excluding most markers, while 
low-depth sequencing of multiple samples overcomes 
this limitation. Therefore, the large-scale application of 
LcWGR is promising. In this study, 184 samples were 

sequenced using LcWGR, generating a large amount of 
data. Combined with previously published high-depth 
sequencing data of 46 individuals, we were able to iden-
tify 44,735,823 SNPs genome-wide, a large number 
that facilitated downstream population analyses. High 
percentages of clean reads met Q20 and Q30 quality 

Fig. 5  The degree of haplotype sharing in Uvrag (UV radiation resistance-associated gene), Hpse2 (heparinase 2), Slit2 (slit guidance ligand 2), Ece1 
(endothelin-converting enzyme 1), and Nrp1 (neuropilin 1) in pairwise comparisons between populations TZP and TZG. The major allele in TZP 
is indicated in red, and the major allele in TZG is indicated in blue (0/0 means homozygote, 1/1 indicates homozygous mutation, and 0/1 indicates 
heterozygous mutation)
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thresholds, and GC distributions were within expected 
ranges without any obvious biases, indicating that library 
construction and sequence quality were both excel-
lent. Clean sequence reads from individuals of both 
plateau zokors and Gansu zokors were aligned to the 
plateau zokor reference genome, with an average align-
ment rate of 99.39%. These high alignment rates reflect 
the high quality of the reference genome assembly, the 
close proximity between the sequenced individuals and 
the reference genome species, and the high quality of the 
sequence reads generated in this study. Therefore, the 
use of LcWGR in this study was effective, and the quality 
of this sequencing data was more than sufficient for the 
subsequent population evolution analyses. This study is 
the largest whole-genome resequencing effort for plateau 
zokors and Gansu zokors to date. The large amount of 
sequence data obtained here provides the basis for future 
research on the evolutionary biology of the two species, 
greatly expands the catalogue of known genetic varia-
tion for plateau zokors and the Gansu zokors, and pro-
vides important data support for future research on the 
molecular mechanisms of rodent outbreaks in the alpine 
meadow ecosystems on the Qinghai-Tibet Plateau.

Population evolution characteristics of plateau zokors 
and Gansu zokors
Using genome-wide data, our results revealed robust 
and reliable phylogenetic relationships among multiple 
populations of plateau zokors and Gansu zokors. The 
two species were completely separated within the phylo-
genetic tree, with not even a single individual clustering 
with the other species, thus supporting their independ-
ent species status. Based on genome-wide population 
genetics, previous studies have shown that plateau zokors 
form two clades, one north of the Yellow River and the 
other south of the Yellow River, and have concluded that 
the two clades should be considered as separate species 
[18]. From the phylogenetic tree in this study, the popula-
tions of plateau zokors can also be roughly divided into 
two clades, north and south of the Yellow River. How-
ever, unlike the results of the aforementioned study, in 
our phylogenetic analysis, the YK (plateau zokor, altitude: 
3700 m) population located north of the Yellow River 
and the MD (plateau zokor, altitude: 4300 m) population 
located south of the Yellow River clustered together, indi-
cating a relatively close phylogenetic relationship. This 
was consistent with the results of Zhang et  al. [26]. We 
hypothesize two possibilities for the close phylogenetic 
relationship between these two populations: [1] the YK 
(plateau zokor, altitude: 3700 m) population north of the 
Yellow River was established first during the east-to-west 
expansion of Eospalax species, and then some individuals 
from the YK (plateau zokor, altitude: 3700 m) population 

migrated south to form the MD (plateau zokor, altitude: 
4300 m) population, or [2] the MD (plateau zokor, alti-
tude: 4300 m) population south of the Yellow River was 
established first, and then some individuals from the MD 
(plateau zokor, altitude: 4300 m) population migrated 
north to form the YK (plateau zokor, altitude: 3700 m) 
population. To distinguish between these two possi-
bilities would require a comparison of the divergence 
times of each of the two populations from the ancestral 
population. Calculation of divergence times using whole 
genome data typically requires high sequencing depths. 
Unfortunately, the low-depth whole genome resequenc-
ing technology used in this study precludes this type of 
analysis, and thus analyses of population divergence and 
historical dynamics were not performed for all popula-
tions. Regardless of which hypothesis is accurate, the 
impact of river and water system formation on the dif-
ferentiation of subterranean species populations also 
needs to be taken into account. The YK (plateau zokor, 
altitude: 3700 m) population and MD (plateau zokor, alti-
tude: 4300 m) population were located north and south 
of the Yellow River, respectively. The Yellow River system 
began to form slowly 1.25 Ma [30], and the YK (plateau 
zokor, altitude: 3700 m) and MD (plateau zokor, altitude: 
4300 m) populations diverged about 8.0–9.4 ka [26]. The 
extent of formation of the Yellow River in the vicinity 
of the two populations at the time of their divergence is 
relevant.

The relationships among populations as depicted in 
the phylogenetic tree were also validated using PCA, 
which also showed the obvious interspecific differen-
tiation between plateau zokors and Gansu zokors. Dif-
ferentiation between populations based on altitude was 
also apparent using PCA. Gansu zokors clustered into 
high-altitude and low-altitude groups, indicating signifi-
cant genetic differences between the high-altitude and 
low-altitude populations of the Gansu zokor. Population 
genetic structure analysis revealed moderate intraspe-
cific mixture of genetic variation among plateau zokors. 
It is worth noting that in the sympatric distribution areas, 
there was no evidence of genetic mixture between the 
TZP (plateau zokor, altitude: 3000 m) population of pla-
teau zokor and the TZG (Gansu zokor, altitude: 3000 m) 
population of Gansu zokor or between the SDP (plateau 
zokor, altitude: 2800 m) population of plateau zokor and 
the SDG (Gansu zokor, altitude: 2800  m) population 
of Gansu zokor. Thus, we did not find any evidence of 
genetic exchanges between the two species in the sym-
patric distribution areas from the population structure 
analysis. However, the analysis of demographic history 
in the sympatric distribution area using fastsimcoal2 
indicated that the highest level of gene flow occurred 
from population TZP (plateau zokor, altitude: 3000  m) 
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to population TZG (Gansu zokor, altitude: 3000  m). 
This was higher than that from population TZP (plateau 
zokor, altitude: 3000  m) to population JY (Gansu zokor, 
altitude: 2000 m) of Gansu zokor and was basically of the 
same magnitude as that from the population JY (Gansu 
zokor, altitude: 2000  m) of Gansu zokor to the TZG 
(Gansu zokor, altitude: 3000  m) population. Thus, gene 
introgression from plateau zokors to Gansu zokors likely 
occurred in the sympatric distribution areas.

Analysis of selection signals in high‑altitude populations
Analysis of selection signals in plateau zokors
The linkage disequilibrium analysis showed that popula-
tions at higher altitudes were subjected to stronger selec-
tion and exhibited significantly slower rates of decay. 
For a complete understanding of the mechanisms of 
high-altitude adaptation in plateau mammals, it is help-
ful to understand how these animals adapt to low oxy-
gen environments. We first identified positively selected 
genes in plateau zokors by looking for evidence of selec-
tive sweeps using a population from each species, plateau 
zokor population ZQ (plateau zokor, altitude: 4342 m) 
and Gansu zokor population ZD (Gansu zokor, altitude: 
1230 m). Positively selected genes in plateau zokors were 
mainly enriched for GO terms related to energy trans-
port and enzyme activity, suggesting that plateau zokors 
improved their energy metabolism during the process 
of adaptation to the plateau environment, reflecting the 
energy demands of species surviving in these harsh envi-
ronments. Cardiovascular and erythrocyte-associated 
phenotypic changes can be viewed as typical adaptations 
to hypoxia, as they are directly related to oxygen uptake 
and transport [26]. Zhang et al. showed that the ratio of 
heart mass to body mass, hemoglobin content, red blood 
cell count, and hematocrit were significantly higher in a 
high-altitude population of plateau zokors as compared 
to a low-altitude population. Using the Mouse Genome 
Informatics (MGI) database, positively selected genes in 
high-altitude populations were significantly enriched for 
terms related to physiological and quantitative abnor-
malities of erythrocytes. Using the GO database, these 
positively selected genes were significantly enriched for 
GO terms related to cardiac development, cardiac mor-
phogenesis, angiogenesis, and vascular morphogenesis 
[26]. Our results were similar to those from Zhang et al. 
[26]. Positively selected genes in the ZQ (plateau zokor, 
altitude: 4342 m) population of plateau zokor, located 
in Yushu, Qinghai, at an altitude of nearly 4400 m, were 
significantly enriched for cardiovascular terms like 
vascular-associated smooth muscle cell migration, ven-
tricular compact myocardium morphogenesis, cardiac 
muscle cell proliferation, coronary artery morphogenesis, 
and heart contraction. The extensive selection of these 

cardiovascular-related genes suggested a vital role for the 
cardiovascular system of the plateau zokor in its adapta-
tion to high-altitude environments.

In addition, positively selected genes were enriched 
for calcium ion transport-related terms, similar to some 
previous studies [31–34]. These terms included voltage-
gated calcium channel complex, voltage-gated calcium 
channel activity, regulation of calcium ion transmem-
brane transport via high voltage-gated calcium channel, 
and calcium ion transport. When the body is hypoxic, 
calcium transport and calcium signaling pathways are 
involved in the stimulation of hypoxia-inducible factor α 
(HIF-α) transcription [35], and these pathways also play 
a very essential role in cardiac development and cardiac 
function [36, 37]. Positively-selected genes were enriched 
for several KEGG pathways related to cell growth, sugar 
synthesis, metabolism, and, notably, both the classical 
MAPK and Hippo signaling pathways. MAPK signaling 
can promote the expression of HIF-α, which in turn indi-
rectly regulates the HIF-1 signaling pathway [38]. At the 
molecular level, cells of higher mammals mainly sense 
oxygen through HIF-α, and through the HIF-1 signaling 
pathway, a series of responses can be induced when the 
organism is in a hypoxic state, thus regulating the effi-
ciency of oxygen utilization [39]. The Hippo signaling 
pathway is a key pathway that controls organ size, such as 
heart size [26]. The loss of STK3 (serine/threonine kinase 
3), a central regulator within the Hippo pathway, pro-
motes the proliferation of cardiomyocytes during heart 
development, leading to cardiomegaly in mice [40]. By 
interacting with the Wnt signaling pathway, the Hippo 
signaling pathway can control cardiac size via β-linker 
proteins [40].

Analysis of selection signals in high‑altitude populations 
of Gansu zokors
Similar to the enrichment results for positively selected 
genes in plateau zokors, we found that positively selected 
genes in high-altitude Gansu zokors were significantly 
enriched for cardiovascular and erythrocyte-related 
functional terms, such as erythrocyte development, vas-
cular remodeling, negative regulation of blood pressure, 
branching involved in vascular morphogenesis, and car-
diac valve morphogenesis, as well as calcium transport-
related terms, suggesting that the cardiovascular system 
played an important role in the process of adaptation to 
the plateau environment in this species as well. In addi-
tion, positively selected genes in the high-altitude Gansu 
zokor population, including HIF-α, Ece1, and Nos1 (nitric 
oxide synthase 1), were also significantly enriched for 
the response to hypoxia GO term. HIF1 is a heterodimer 
formed by α subunits (HIF-α) and β subunits [41] and is 
responsible for mediating hypoxia signal transduction, in 
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which the expression of α subunits is directly regulated 
by oxygen levels. Ece1, a rate-limiting enzyme, plays a 
key role in endothelin-1 (ET-1) biosynthesis [42], and Li 
et al. found strong signals of selective sweeps in Ece1 in 
relation to hypoxia in Tibetan pigs [43]. Hypoxia can pro-
mote the activation of NOS [44], and acute hypoxia has 
been found to cause changes in the expression of NOS in 
rats [45]. Of the KEGG pathways, the positively selected 
genes in the high-altitude Gansu zokor populations 
were significantly enriched for classical pathways related 
to response to hypoxia, such as the HIF-1, MAPK, and 
PI3K-Akt signaling pathways. PI3K is a phosphatidylino-
sitol 3-kinase. Under hypoxic conditions, PI3K can be 
activated and phosphorylates Akt upon binding to it, 
which enhances HIF-α activity and increases cell prolif-
eration while reducing cell apoptosis [46]. In summary, 
genes related to energy metabolism, cardiovascular sys-
tem development, calcium ion transport, and response 
to hypoxia were under positive selection in the high-alti-
tude Gansu zokor population, which likely facilitated the 
adaptation of Gansu zokors to the plateau environment.

Interspecific gene introgression of Myospalacinae
Gene introgression from other species is an impor-
tant source of new genetic variation that allows species 
to adapt to new environments. The adaptive introgres-
sion resulting from hybridization and backcrossing with 
another species has the potential to make the recipi-
ent populations adapt to their environments at a much 
faster rate than if they relied solely on de novo mutations 
[47–49]. Introgression is more likely to occur between 
closely related species, as incomplete reproductive barri-
ers are easier to overcome, especially if the introgressed 
allele is already beneficial to the donor population [3, 50]. 
In the present study, we identified the genomic locations 
of introgressed genes and then characterized their types 
and functions. To investigate whether introgressed genes 
played a role in adaptation of Gansu zokors to the plateau 
environment, we combined analyses of positive selection 
analysis with detection of introgression signals to ensure 
both that introgression signals were significant and that 
the introgressed alleles were beneficial to both the donor 
and recipient populations.

Liu et  al. [18] studied the phylogeny and speciation 
of Myospalacinae using whole genome sequencing and 
identified an ancient introgression between E. fontani-
erii and Myospalax, thus providing an explanation for the 
mixing of E. fontanierii genetic variation with that of M. 
psilurus and M. aspalax. Based on the D-statistic, gene 
introgression likely occurred between E. smithii and all 
species in Myospalacinae except the branch of plateau 
zokors north of the Yellow River. Gene introgression was 
inferred between E. rothschildi and other Myospalacinae 

species except for Gansu zokors. The plateau zokor 
branch north of the Yellow River only experienced gene 
introgression with E. rothschildi and M. psilurus. This 
study revealed extensive migration of Myospalacinae spe-
cies along the Qinling-Huaihe Line and also hinted at 
allopatric speciation in the plateau zokor branch north of 
the Yellow River. Zhang et al. [51] investigated the inter-
specific phylogenetic relationships of the genus Eospalax 
using whole genome resequencing. In the phylogeny 
constructed using mitochondrial genomes, an individual 
Gansu zokor from a region adjacent to the plateau zokor 
distribution area clustered with the plateau zokors, which 
implied possible post-speciation gene flow between pla-
teau zokors and Gansu zokors. Our study is the first to 
elaborate on the issues related to gene introgression and 
adaptive introgression in Myospalacinae. The plateau 
zokors and the Gansu zokors are sympatric at the east-
ern edge of the QTP, and the unique ecological environ-
ment of the QTP as well as the essential roles of the two 
species in grassland ecosystems of the region provide 
an excellent model to study the issues related to adap-
tive evolution. The results of this study also provide vital 
information about the molecular mechanisms of rodent 
outbreaks in the alpine grassland ecosystems of the QTP.

Adaptive introgression from plateau zokors to Gansu zokors
In the D-statistic analysis, the occurrence of gene intro-
gression between plateau zokors and Gansu zokors in 
the two sympatric distribution areas was determined by 
using each of the four populations, ZD (Gansu zokor, 
altitude: 1230 m), YZ (Gansu zokor, altitude: 2200 m), 
QY (Gansu zokor, altitude: 1300 m), and JY (Gansu zokor, 
altitude: 2000 m) as P1. Based on the fd-statistic, the lev-
els of gene introgression from plateau zokors to Gansu 
zokors were estimated to be low, which may explain the 
relative lack of genetic mixture between these two spe-
cies in the sympatric distribution areas according to 
the genetic structure analysis. In the sympatric distri-
bution area TZ, based on the fd-statistic, we identified 
99 adaptive genes that were introgressed into the TZG 
(Gansu zokor, altitude: 3000 m) population of Gansu 
zokor from the TZP (plateau zokor, altitude: 3000 m) 
population of plateau zokor. Among these 99 adaptive 
introgressed genes, several genes are related to cardio-
vascular development and hypoxic adaptation, such as 
Uvrag, Hpse2, and Rbpj (recombination signal binding 
protein for immunoglobulin kappa J region); Slit2, Ece1, 
Nrp1, and Tspan4 (tetraspanin 4); and Sik2 (salt induc-
ible kinase 2). Uvrag, the ultraviolet resistance-related 
gene, is an autophagy gene with multiple biological func-
tions [52, 53]. Mice lacking Uvrag developed cardiomyo-
pathy accompanied by decreased cardiac function [54], 
and the deletion of Uvrag further promoted the aging of 



Page 16 of 23Kang et al. BMC Biology          (2024) 22:187 

mouse heart cells [55]. Hpse2 encodes a heparanase that 
can degrade heparin sulfate proteoglycan located in the 
extracellular matrix and at the cell surface [56], and this 
protein may participate in angiogenesis by participating 
in biological processes [57, 58]. The Rbpj protein is an 
important transcriptional regulatory factor in the Notch 
signaling pathway as well as a homeostatic suppressor 
of a variety of angiogenic and vascular inhibitory factor 
genes in cardiomyocytes, and it can act as a major gene 
controller to regulate vascular growth in the adult heart 
[59]. The Slit2 protein is an important multifunctional 
protein involved in a variety of biological processes, 
including angiogenesis, neurodevelopment, and immune 
regulation. It can be a pro-angiogenic factor by induc-
ing the formation of new blood vessels in angiogenic 
tissues, and it can positively regulate angiogenesis by 
binding to the Robo1 protein [60]. Ece1, as a rate-limiting 
enzyme, plays a key role in endothelin-1 (ET-1) biosyn-
thesis [42], and Li et  al. found strong evidence of selec-
tive sweeps in Ece1 associated with hypoxia in Tibetan 
pigs [43]. By observing pulmonary vascular development 
in mouse fetuses, Joza et al. found that Sema3 and Nrp1 
were jointly involved in the early formation of the bron-
chial vascular tree as well as in the late development of 
the alveolar-capillary respiratory membrane [61]. When 
Sema3 and Nrp1 proteins were absent, the development 
of mouse lung tissue suffered from severe defects such 
as pulmonary vein dilatation and reduced capillary den-
sity, which ultimately led to the death of newborn mice 
due to respiratory failure. Tspan4 is a key gene for migra-
some formation in mammalian cells, and knockdown 
or knockout of Tspan4 inhibited migrasome formation 
and impeded angiogenesis [62]. In a study of the role of 
HIF-1α in tumor cell glycolysis, Sik2 protein was found to 
upregulate the expression of HIF-1α, the hypoxia-induc-
ible factor, by activating the PI3K-Akt signaling pathway 
[63]. Evidence of haplotype sharing in the sympatric dis-
tribution area TZ also supported the introgression of 
Uvrag, Hpse2, Slit2, Ece1, and Nrp1 from plateau zokors 
to Gansu zokors. Our results also showed that adaptive 
introgressed genes are significantly enriched for multi-
ple GO terms related to the cardiovascular system. Zhao 
et al. conducted transcriptome sequencing of the lungs of 
Tibetan sheep at different altitudes and found that some 
important differentially expressed genes (DEGS) were 
related to angiogenesis; these differentially expressed 
genes were significantly enriched in GO entries such as 
regulation of blood vessel size, regulation of vasocon-
striction, cardiovascular system development, and blood 
vessel development, which was similar to our findings 
[64]. In the process of revealing the origin of the Tibet-
ans and the genetic basis of their adaptation to the pla-
teau environment, Wang et  al. found that the positively 

selected genes of the Tibetans were significantly enriched 
in the GO terms such as blood vessel development, vas-
culature development, and response to hypoxia, which 
also suggests that the genetic mechanism of the zokor’s 
adaptation to the plateau environment is similar to that 
of humans [65].

Similarly, in the sympatric distribution area SD, we 
identified 33 adaptive genes introgressed into the SDG 
(Gansu zokor, altitude: 2800 m) population of the Gansu 
zokor from the SDP (plateau zokor, altitude: 2800 m) 
population of the plateau zokor. Among these, Phex, 
Ireb2, Cask, and Gpc3 were significantly enriched for 
terms related to hypoxic adaptation, including lung devel-
opment, erythrocyte homeostasis, calcium ion transport, 
and coronary vasculature development. Haplotype shar-
ing between the two species in the sympatric distribution 
area SD also supported the introgression of Phex, Ireb2, 
Cask, and Gpc3 from plateau zokors to Gansu zokors. 
At present, the direct relationships between these four 
genes and lung development, erythrocyte homeostasis, 
calcium ion transport, and coronary vasculature devel-
opment is not clear, and relevant research is limited. 
Thus, further functional research into these four genes is 
necessary to help elucidate their contributions to high-
altitude adaptation. PI3K can be activated and phospho-
rylates Akt upon binding to it, enhancing HIF-α activity 
under hypoxic conditions. Jia et  al. found that the most 
significantly enriched KEGG pathways of differentially 
expressed genes between Tibetan pig and Duroc pig 
were the PI3K-Akt signaling pathway [66], and this path-
way still appeared in the TOP 20 pathways in our results 
despite its insignificance.

In conclusion, our results support the hypothesis pro-
posed in this study, and introgressed genes from plateau 
zokors may have played pivotal roles in the adaptation of 
Gansu zokors to the plateau environment.

Methods
Sample collection
Details for individuals from all 19 populations are shown 
in Table  S1 (Additional file  1). Of the 230 individuals 
involved in this study, 184 were collected directly from 
the field, and deep sequencing datasets for the remain-
ing 46 individuals were obtained from online databases. 
Among these, the sequencing data from MD (plateau 
zokor, altitude: 4300 m), YK (plateau zokor, altitude: 
3700 m), PA (plateau zokor, altitude: 2900 m), HL (pla-
teau zokor, altitude: 3000 m), and QL (plateau zokor, 
altitude: 2800 m) populations were generated by Zhang 
et  al. [26], the sequencing data from JY (Gansu zokor, 
altitude: 2000 m) (5 individuals) were generated by 
Zhang et  al. [51], and sequencing data for ZD (Gansu 
zokor, altitude: 1230 m) and YZ (Gansu zokor, altitude: 
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2200 m) populations were generated by Liu et  al. [18] 
(Additional file 1: Table S2). We sampled two sympatric 
distribution areas of plateau zokors and Gansu zokors to 
detect interspecific gene introgression: Tianzhu Tibetan 
Autonomous County (TZ) in Wuwei City, Gansu Prov-
ince, and Songduo Township (SD) in Huzhu Tu Autono-
mous County of Haidong City, Qinghai Province. Twenty 
plateau zokors (TZP, plateau zokor, altitude: 3000 m) and 
29 Gansu zokors (TZG, Gansu zokor, altitude: 3000 m) 
were collected from the TZ; 6 plateau zokors (SDP, pla-
teau zokor, altitude: 2800 m) and 6 Gansu zokors (SDG, 
Gansu zokor, altitude: 2800 m) were collected from the 
SD. For each individual, 5 g of thigh muscle was collected 
and soaked in 75% alcohol and stored in a freezer at – 80 
°C, with periodic changes of the alcohol storage solution.

Library construction
In this study, DNA extraction, library construction, and 
sequencing work were performed by Qingdao Ouyi 
Biological Co., LTD. The library was constructed and 
sequencing was conducted on Illumina NovaSeq 6000 
Platform with 150  bp pair-end (PE) library size. The 
requirements for DNA quality control were as follows: 
DNA appeared as a single band with no degradation via 
gel electrophoresis; the concentration was > 25  ng/μL 
as determined via spectrophotometry, the total amount 
was > 500 ng, the 260/280 absorbance ratio was 1.8–1.9, 
and the 260/230 absorbance ratio was 1.9–2.3. The ini-
tial amount of DNA used for library construction was 
100–200 ng.

Sequencing data analysis pipeline
The process for analyzing LcWGR data was as follows: (1) 
data quality control: fastp 0.20.0 [67] was used to perform 
quality control on raw reads to obtain clean reads; (2) 
data alignment: clean reads were aligned to the plateau 
zokors reference genome [26] using BWA 0.7.17 [68]; 
(3) genotyping: SNP (single-nucleotide polymorphism) 
detection and imputation were performed based on 
alignment results and a reference panel using loimpute 
0.1.4 [69]; (4) information analysis: a series of subsequent 
evolutionary analyses were conducted using SNP data.

Data quality control and filtering
Incorrect base calls are always generated in sequencing 
data for various reasons, including biases in sequenc-
ing instruments and poor sample quality. To eliminate 
the influence of sequencing errors on the results, clean 
reads were obtained by quality filtering of raw reads. 
fastp 0.20.0 was used with the following filtering criteria: 
(1) joint sequences were removed; (2) reads with five or 
more N (non-AGCT) bases were removed; (3) average 
base mass values were calculated using a 4-base sliding 

window, and reads with average base mass values less 
than 20 were removed.

Reference genome alignment
Clean reads were aligned to the plateau zokor reference 
genome [26] using the mem algorithm in BWA 0.7.17. 
After converting the format in SAMtools 1.9 [70], the 
MarkDuplicates module in GATK 4.1.3.0 [71] was used 
to remove redundancies, and Qualimap 2.2.2d [72] was 
used to analyze the results of the alignment.

Mutation detection and SNP annotation
For LcWGR, whole-genome low-depth resequencing and 
mutation identification is performed for all individuals in 
the population. Because the low-coverage nature of the 
data will result in gaps, inference and imputation of miss-
ing genotypes based on linkage disequilibrium among 
SNP loci is then performed, ultimately resulting in high-
density genetic markers at the whole-genome level for 
large-scale samples. Genotype imputation is a process 
wherein missing genotypes are estimated and filled in 
target samples based on haplotypes and genotypes in ref-
erence panels, effectively increasing the density of single-
nucleotide polymorphisms (SNPs). SNP detection and 
imputation were performed using loimpute 0.1.4 based 
on the alignments of the samples to the reference genome 
as well as the species panel [73, 74] information. After 
merging the high and low depth data samples, we used 
vcftools 0.1.16 [75] for further filtering: (1) loci with min-
imum allele frequency (MAF) less than 0.05 were deleted; 
(2) loci with genotype data in greater than 80% of indi-
viduals were retained; (3) only the second most frequent 
allele at each site was retained. Using the gff annotation 
file of the zokor reference genome, SnpEff 4.1 g [76] was 
used to determine whether newly identified SNPs were 
located in gene elements and whether they resulted in 
changes at the amino acid level.

Population structure
In this study, PLINK 1.90p [77] was applied to calculate 
the IBS matrix, and then the phylogenetic tree of 230 
individuals and 1 outgroup individual was constructed 
using the Neighbor-Joining method in PHYLIP 3.697 
[78]. Sequencing data from an individual of Rhizomys 
pruinosus was obtained from the National Center for 
Biotechnology Information (NCBI) database (accession 
number SRX4501361) and used as the outgroup. We per-
formed principal component analysis (PCA) on all SNP 
markers using GCTA 1.26.0 [79] to obtain the eigenvec-
tor with the largest eigenvalue. Before the genetic struc-
ture analysis, we first filtered SNPs obtained from the 
whole genome, removed loci with minimum allele fre-
quencies less than 0.05, and then used PLINK 1.90p to 
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screen the non-tightly linked loci. ADMIXTURE 1.3.0 
[80] was used to analyze the population structure, using 
a range of K values from 2 to 10 and repeated 10 times 
using 10 different seeds. The best K value was determined 
according to the cross-validation error (CVE). Due to the 
large population size of this study, involving a total of 
230 individuals from 19 populations, pong [81] was used 
to cluster the results of the 10 repetitions under each K 
value and visualize the population structure.

Demographic history
The TZP (plateau zokor, altitude: 3000 m) population of 
plateau zokor and the TZG (Gansu zokor, altitude: 3000 
m) population of Gansu zokor in the sympatric distri-
bution area and the JY (Gansu zokor, altitude: 2000 m) 
population of Gansu zokor were used to analyze demo-
graphic history, and fastsimcoal2 [82] was used to infer 
the differentiation times among the three populations. 
We analyzed the genome data using the get4foldSites tool 
(https://​github.​com/​bruno​nevado/​get4f​oldSi​tes) to iden-
tify all fourfold degenerate sites. SNPs that significantly 
deviated from Hardy–Weinberg equilibrium (P < 0.05) 
were excluded using PLINK 1.90p. The mutation rate was 
set to 3.03 × 10−9 based on previous studies [18]. Gene 
flow between populations was calculated using Treemix 
[83].

Analysis of linkage disequilibrium
We used the Plot_MultiPop.pl script in PopLDdecay 3.4 
[84] to calculate the r2 values using the MeanBin method 
for each population. Based on the generated r2 values, 
we used the ggplot2 package in R to plot the chain decay 
plot. Due to the large number of populations, we selected 
the MD (plateau zokor, altitude: 4300 m), HL (plateau 
zokor, altitude: 3000 m), QL (plateau zokor, altitude: 2800 
m), SDP (plateau zokor, altitude: 2800 m), SDG (Gansu 
zokor, altitude: 2800 m), JY (Gansu zokor, altitude: 2000 
m), and QY (Gansu zokor, altitude: 1300 m) populations 
as representative populations across the altitude gradient.

Analysis of selection signals in high‑altitude populations
Genome‑wide selective sweep
We identified regions under positive selection by com-
bining the genetic differentiation coefficient Fst and the 
nucleotide diversity estimate Pi. We selected a plateau 
zokor/Gansu zokor species pair (ZQ-ZD) and a high-
altitude population/low-altitude population pair (TZG-
ZD) to analyze the molecular mechanism of high-altitude 
adaptation in high-altitude populations. The genome was 
scanned using vcftools 0.1.16 to calculate Fst between 
two populations in each group and Pi for each popula-
tion, with a window size of 50 kb and a step size of 50 kb. 
Areas with extremely high or extremely low population 

Pi ratios (log10) and high Fst (top 10%) were identified as 
areas under positive selection.

Analysis of gene functional enrichment in selected regions
After screening the regions subject to positive selection, 
GO (Gene ontology) functional enrichment analysis and 
KEGG (Kyoto Encyclopedia of Genes and Genomes) 
pathway enrichment analysis of the genes in these regions 
were performed using the R package ClusterProfiler [85].

Interspecific gene introgression
D‑statistic detection of interspecific gene introgression
In this study, the D-statistic [86] was used to detect gene 
introgression between plateau zokors and Gansu zokors. 
The D-statistic was calculated as follows:

where CABBA (i) is the mode value of ABBA at the ith 
locus and CBABA (i) is the mode value of BABA at the ith 
locus, both of which have a magnitude between 0 and 
1. If the D-statistic deviates significantly from 0, then 
introgression is inferred to have occurred. When ABBA 
is greater than BABA, the D-statistic is positive, indicat-
ing that there was gene exchange between P2 and P3. 
When ABBA is less than BABA, the D-statistic is nega-
tive, indicating that there was gene exchange between P1 
and P3. The significance of the D-statistic is represented 
by the Z-value, which is generally considered to be sta-
tistically significant when |Z|> 3. Since P3 is defined as 
the introgression source population, a positive D-statistic 
is usually interpreted as introgression in the direction 
of P3 to P2, and a negative one is usually interpreted as 
introgression in the direction of P3 to P1. In the sympa-
tric distribution area TZ, we used four combinations of 
populations to adequately assess whether introgression 
occurred between TZP (plateau zokor, altitude: 3000 m) 
and TZG (Gansu zokor, altitude: 3000 m). In all four pop-
ulation combinations, P2 was the TZG (Gansu zokor, alti-
tude: 3000 m) population, P3 was the TZP (plateau zokor, 
altitude: 3000 m) population, and the outgroup was Rhi-
zomys pruinosus (Rpr); P1 was represented by either the 
YZ (Gansu zokor, altitude: 2200 m), JY (Gansu zokor, 
altitude: 2000 m), ZD (Gansu zokor, altitude: 1230 m), or 
QY (Gansu zokor, altitude: 1300 m) populations, respec-
tively. In the sympatric distribution area SD, we used 
four combinations of populations to adequately assess 
whether introgression occurred between SDP (plateau 
zokor, altitude: 2800 m) and SDG (Gansu zokor, altitude: 
2800 m). In all four population combinations, P2 was the 
SDG (Gansu zokor, altitude: 2800 m) population, P3 was 
the SDP (plateau zokor, altitude: 2800 m) population, and 

(P1,P2,P3,O) =

n
i=1(CABBA(i)− CBABA(i))
n
i=1(CABBA(i)+ CBABA(i))

https://github.com/brunonevado/get4foldSites
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the outgroup was Rpr; P1 was represented by either the 
YZ (Gansu zokor, altitude: 2200 m), JY (Gansu zokor, alti-
tude: 2000 m), ZD (Gansu zokor, altitude: 1230 m), or QY 
(Gansu zokor, altitude: 1300 m) populations, respectively. 
The qpDstat module in ADMIXTOOLS 7.0.2 [86] was 
used to calculate the D-statistics of the four populations 
in all combinations. Since the numerator of the formula 
used in this software was BABA-ABBA, a negative D-sta-
tistic in the results of this study indicated introgression in 
the direction of P3 to P2.

Proportion of genes that underwent introgression 
and screening of introgressed genes based 
on the fd‑statistic
Since the D-statistic only detects gene introgression 
events among the four populations, it cannot detect the 
exact location of the genome where gene introgression 
occurs. Therefore, the fd-statistic [87] was further used 
to calculate the proportion of genes that underwent 
introgression from plateau zokors (TZP, SDP) to Gansu 
zokors (TZG, SDG) and identify the locations of intro-
gressed genes. fd is a statistic derived from the D-statistic, 
which detects the location of gene introgression across 
the entire genome in the form of a sliding window. Due to 
the directional bias of fd in detecting gene introgression, 
it works better when detecting introgression from P3 
to P2 than when detecting introgression from P2 to P3. 
Therefore, in order to analyze gene introgression from 
plateau zokors (TZP, SDP) in Gansu zokors (TZG, SDG), 
the selection of P1, P2, P3, and outgroups in the sympa-
tric distribution areas TZ and SD was the same as indi-
cated in the previous section. By using the python script 
“ABBABABAwindows.py” [87], we computed fd values 
for non-overlapping windows of 50 kb throughout the 
genomes while excluding windows containing fewer than 
100 SNPs. The significance of each fd value was deter-
mined by calculating the Z-score and P-value for each 
window using Jackknife resampling [88, 89]. Jackknife 
resampling was performed by dividing each window into 
20 blocks, removing one of the blocks each time (leave-
one-out), and re-counting the fd values using the remain-
ing 19 blocks. This was performed 20 times to obtain 
the re-sampled fd values, and then the original fd values 
of the window and the 20 re-sampled fd values were used 
to determine the Z-scores and P-values of the fd values. 
Finally, 0 < fd < 1, Z-score-fd > 3, and P-value-fd < 0.05 were 
used as thresholds to indicate significant introgression 
signals, and the regions meeting the above criteria were 
selected as the genomic regions where plateau zokors 
(TZP, SDP) had introgressed into Gansu zokors (TZG, 
SDG).

The proportion of introgression across the genome 
(PIG) was calculated using the following formula [11]:

where fdi represents the fraction of introgression within 
the ith window, Wi is the window size, and G refers to the 
genome size. Genes located within the genomic regions 
of Gansu zokors that were introgressed from plateau 
zokors in the sympatric distribution areas were identi-
fied using the genome gff annotation file. GO functional 
enrichment analysis and KEGG pathway enrichment 
analysis were performed using the R software package 
ClusterProfiler to identify the functions of these intro-
gressed genes [85].

Analysis of adaptive introgression
Genes that had significant introgression signals and 
were under positive selection in both donor and recipi-
ent populations were considered to be genes associated 
with adaptive introgression [9]. We identified regions 
under positive selection in donor and recipient popula-
tions by combining Fst and Pi. The genome was scanned 
using vcftools 0.1.16 to calculate Fst between two popu-
lations in each group and Pi for each population, with 
a window size of 50 kb and a step size of 50 kb. Areas 
with extremely high or extremely low population Pi 
ratios (log10) and high Fst (top 10%) were identified as 
areas under positive selection. In the sympatric distri-
bution area TZ, we searched genome-wide for evidence 
of selective sweeps in the TZP (plateau zokor, altitude: 
3000 m)-ZD (Gansu zokor, altitude: 1230 m) species 
pair and the TZG (Gansu zokor, altitude: 3000 m)-ZD 
(Gansu zokor, altitude: 1230 m) population pair to iden-
tify positively selected genes in the TZP (plateau zokor, 
altitude: 3000 m) population and TZG (Gansu zokor, alti-
tude: 3000 m) population, respectively. We then identi-
fied genes that were under positive selection in both TZP 
(plateau zokor, altitude: 3000 m) and TZG (Gansu zokor, 
altitude: 3000 m) populations. Among this set, those with 
significant introgression signals were considered as genes 
associated with adaptive introgression. Similarly, in the 
sympatric distribution area SD, we searched genome-
wide for evidence of selective sweeps in the SDP (plateau 
zokor, altitude: 2800 m)-ZD (Gansu zokor, altitude: 1230 
m) species pair and the SDG (Gansu zokor, altitude: 2800 
m)-ZD (Gansu zokor, altitude: 1230 m) population pair 
to identify positively selected genes in the SDP (plateau 
zokor, altitude: 2800 m) population and the SDG (Gansu 
zokor, altitude: 2800 m) population, respectively. We 
then identified genes that were under positive selection 
in both SDP (plateau zokor, altitude: 2800 m) and SDG 
(Gansu zokor, altitude: 2800 m) populations. Among this 
set, those with significant introgression signals were con-
sidered as genes associated with adaptive introgression.

PIG =

∑
fdiWi

G
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After identification of genes associated with adaptive 
introgression, GO functional enrichment analysis and 
KEGG pathway enrichment analysis were performed 
using the R software package ClusterProfiler to identify 
their functions [85].

Based on these results, adaptive and introgressed 
genes that were associated with hypoxia adaptation were 
selected to visualize haplotype sharing between plateau 
zokors and Gansu zokors in the sympatric distribution 
areas.

Conclusions
The molecular mechanism of adaptation of the high-alti-
tude populations of Gansu zokors to the plateau environ-
ment was similar to that of plateau zokors. Genes related 
to energy metabolism, cardiovascular system develop-
ment, calcium ion transport, and response to hypoxia 
were under positive selection, which likely drove adap-
tation to the plateau environments. Gene introgression 
occurred between plateau zokors and Gansu zokors, and 
a number of genes associated with cardiovascular sys-
tem development, lung development, and calcium ion 
transport were found among the positively selected genes 
introgressed into Gansu zokors from plateau zokors. 
These genes, which are highly relevant to hypoxic adapta-
tion, may have played pivotal roles in the adaptation of 
the Gansu zokor to the plateau environment.
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