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adaptation (e.g, PLEKHA7, NFATC1, PLCBT).

Background Cattle have evolved genetic adaptations to a diverse range of agroecological zones, such as plateaus
and arid zones. However, little is known about its genetic basis of adaptation to harsh environments within a short
period of time after domestication. Here, we analyzed whole-genome sequence data from three indigenous cattle
breeds (Anxi, Qaidam and Zhangmu) in northwest China and five worldwide cattle breeds (Angus, Holstein, Jersey, Gir
and N'Dama) to explore their genetic composition and identify selective sweeps in the Chinese cattle breeds.

Results Analyses of phylogenetic and population structure revealed that three indigenous cattle breeds share
genomic components from Bos taurus and Bos indicus. A novel set of candidate genes was identified through
comparative genomic analyses of cattle from contrasting environments based on SNP and copy number variation
(CNV) data. These candidate genes are potentially associated with adaptive phenotypes, including high-altitude
adaptability (e.g, ANGPT1, PPARGCTA, RORA), cold climate adaptation (e.g.,, TSHR, PRKG, OXCT1), and dryland

Conclusions This study unravels the unique adaptive diversity of three Chinese indigenous cattle breeds, providing a
valuable resource for future research on sustainable livestock breeding strategies to response to climate change.
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Introduction

Cattle, as an invaluable livestock species worldwide, are
raised for meat, milk, leather, transportation and cultiva-
tion. Due to their ability to convert poor quality forage
into high-quality meat and milk products, cattle provide
an important source of nutrition and an economic liveli-
hood for nearly 6.6 billion of people worldwide [1]. There
are two main lineages of modern-day cattle, the hump-
less taurine breeds (Bos taurus) and the humped zebu
(Bos indicus), which originated from separate domestica-
tion events in different locations in the Fertile Crescent
around 10,000 years ago and on the Indian subcontinent
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approximately 8000 years ago [2, 3]. Following domes-
tication, hundreds of taurine and indicus cattle breeds
have been created by subtle combinations of natural and
human-mediated artificial selection, exhibiting a range of
environmental adaptations and agricultural traits, such
as milk production and meat performance. Hybridization
and genetic introgression with other bovids have also
contributed to increased genetic diversity within Bovinae
[4].

China has a rich resource of indigenous cattle breeds,
and these breeds can be classified into three groups
based on their ecological features, and exhibit phenotypic
variability and diversified environmental adaptability [5].
There are some unique indigenous cattle breeds distrib-
uted in northwest China, which have genetically evolved
to adapt to extreme environments such as deserts and
plateaus. The unique genetic composition and adapta-
tions of these cattle breeds represent a critical genetic
resource in the face of climate change and increased
food requirements in the future. During recent decades,
these indigenous cattle breeds have been in continuous
decline due to changing production systems, as well as
indiscriminate crossbreeding with other breeds. Thus, a
deeper understanding of the genetic basis of the indig-
enous cattle breeds in northwest China is essential for
developing climate-resilient breeds response to future
climate changes and preserve valuable cattle genetic
resources.

Exploration genomic divergence can elucidate the
genetic basis of adaptation to various environments
and identify genetic variants with significant functions.
Whole genome sequencing technologies have been
widely used to characterize adaptive genetic variation
in various species inhabiting harsh or extreme environ-
ments. Candidate genes contributing to environmental
adaptation have been identified using single nucleotide
polymorphism (SNP) markers in humans [6], as well as
in various farm animals such as yaks [7], Tibetan chick-
ens [8], cattle [9], pigs [10], and sheep [11]. Copy number
variation (CNV) is a class of genetic variation that has
remarkable effects on gene expression through disrupt-
ing coding sequences, altering genedosage or position
effects, and these effects could contribute to phenotypic
diversity [12]. In recent years, emerging evidence has
suggested that CNVs contribute to the adaptation of cat-
tle to the harsh environments [13].

Northwestern China is characterized by a diverse cli-
mate range that significantly shapes its ecological and bio-
logical systems. Some local cattle breeds in northwestern
China evolved to adapt to various extreme environments
during domestication. For example, the Qaidam (QDM)
and Zhangmu (ZM) cattle inhabit the Tibetan Plateau at
altitudes of 3000—-5000 m, where they are well adapted to
the cold, hypoxic environment, and they are likely under
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selection for high-altitude adaptation. Meanwhile, Anxi
cattle (AX) lives in the Gobi Desert, where they exhibit
tolerance to cold, arid environments and poor-quality
forage. In this study, we sequenced the whole genome of
seven AX cattle and downloaded the genome sequence
data of 57 cattle from seven other breeds (QDM, ZM,
Angus, Holstein, Jersey, Gir and N’'Dama) to explore the
molecular mechanisms underlying the genome-wide
adaptive response of three Chinese local cattle breeds to
challenges of extreme environments.

Results

Sequencing and variation calling

We identified 33,588,078 SNPs by analyzing the whole-
genome sequence data of 21 cattle from three Chinese
breeds and publicly available genomes of 43 individu-
als from seven other cattle breeds sourced from NCBI
A total of 7,400,753, 7,237,974 and 8,770,574 SNPs were
identified in the AX, QDM, and ZM cattle, respectively.
ZM cattle exhibited the highest number of SNPs among
all breeds. The Ts/Tv ratio, representing the average tran-
sition to transversion ratio, exhibits a similar pattern
across different breeds. In European taurine cattle, the
ratio is 2.32, whereas in Chinese indigenous cattle breeds,
it is 2.34 (Additional file 1, Table S1). According to
ANNOVAR annotation, the majority of identified SNPs
were located in intergenic regions (21,423,034, 59.04%),
followed by those in the intronic (13,648,767, 37.61%),
exonic (426,433, 1.17%) and 3'UTR (270,921, 0.75%)
regions (Additional file 1, Table S2).

In addition, a comprehensive analysis of CNV in the
cattle genome was conducted in this study. A total of
14,117 copy number variation regions (CNVRs) were
detected in 64 cattle, covering a total length of 62.01 Mb,
which represents 2.36% of the ARS-UCDI1.2 genome
(Additional file 1, Table S3). CNVRs were categorized
into three types, including deletion, duplication and both.
The lengths of CNVRs range from 1.60 kb to 475.60 kb.
The distribution of CNVRs across the chromosomes was
not uniform. Chromosome 1 contained the highest num-
ber of CN'VRs (846), while chromosome 28 contained the
lowest number (215) (Additional file 1, Table S3).

Genomic diversity

Principal component analysis (PCA) analysis was con-
ducted on subsets of genotype data for autosomal SNPs.
In spite of the lack of breed membership, the analysis
showed a clear structure since animals of the same breed
were clustered together. The first two principal coordi-
nates from multidimensional scaling (MDS) explained
17.71% and 8.90% of the total genomic variance, respec-
tively (Fig. 1a). The first principal component (PC1) was
driven by differences between taurine and indicine cat-
tle. The PC2 separates N'Dama and those of China and
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Fig. 1 Population structure and relationships among eight cattle breed. (a) PCA of genotypes for three native Chinese breeds and additional cattle
breeds. (b) Genome-wide nucleotide diversity distribution, (c) Neighbor-joining tree of the relationships between the eight cattle breeds. (d) Population
structure analysis of each sample assuming different number of ancestral breeds (K=2, 3, and 4)

Europe. On a genome-wide window scale of 10 Mb, ZM
and GIR cattle exhibited the highest nucleotide diver-
sity, whereas the JER cattle displayed the lowest (Fig. 1b).
All Chinese indigenous breeds exhibited higher lev-
els of nucleotide diversity than the commercial Euro-
pean breeds. The neighbor-joining (NJ) tree showed a
clear division between taurine and indicine cattle. The
three Europe cattle breeds (ANG, JER and HOL) clus-
tered together, while AX, QDM and ZM cattle clustered
together, which are located at an intermediate position
between Bos taurus and Bos indicus (Fig. 1c). Addition-
ally, an admixture analysis was performed to infer the
proportions of ancestry in the subsample used in this
study with various numbers of clusters (K), correspond-
ing to hypothetical ancestral populations. In this study,
we found that K=4 was the most probable number of
genetically distinct clusters. When K=4, AX, QDM and
ZM cattle displayed significant evidence of genetic het-
erogeneity, sharing a common genetic heritage with both
taurine and indicine cattle (Fig. 1d, Additional file 2,
Table S1).

Selective signatures associated with high-altitude
adaptation

To investigate the adaptive mechanisms of cattle in pla-
teau environment, we compared the high-altitude group
with low-altitude group to identify selective signals. The
5% of windows with the highest Fst and m-ratio values
were regarded as potential selected windows. For Taji-
ma’s D, the top 5% of windows with significantly negative
Tajima’s D values were considered as candidate sweeps.
The regions identified by at least two methods were
ascertained as the final selective sweeps to minimize
method-specific bias. Totally, we identified 2,218 and
1,875 candidate genes from Fst (Fst>0.166) and m-ratio
(m-ratio > 1.210), respectively (Fig. 2a and b; Additional
file 1, Table S4 and S5). In addition, Tajima D (Tajima’s D
value < -1.629) analysis identified 1,958 candidate genes
in high-altitude group (Fig. 2c; Additional file 1, Table S6).
Finally, 624 genes (Fig. 2d) were identified as positively
selected genes (PSG) in high-altitude group. We found
that PSGs were significantly enriched in multiple GO
terms and pathways associated with highaltitude adapta-
tion, such as regulation of heart rate by cardiac conduc-
tion (GO:0086091), heart contraction (GO:0060047),
blood vessel morphogenesis (GO:0008015), sprouting
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Fig. 2 Identification of candidate genes for high-altitude adaptation. (a-¢) Manhattan plot of the genome-wide distribution of Fst, r-ratio and Tajima'D
using 100 kb windows size and 10 kb step size, respectively. (d) Number of candidate genes identified in highland group by the three methods listed in
each of the Venn diagram components. (e) KEGG enrichment analysis for the identified candidate genes

angiogenesis (G0O:0002040), response to ultraviolet
(UV) (GO:0009411) (Additional file 1, Table S7), cal-
cium signaling pathway (bta04020), cardiac muscle con-
traction (bta04260) and purine metabolism (bta00230)
(Fig. 2e; Additional file 1, Table S8). These GO terms
and pathways are associated with adaptation to plateau
environments of cattle because they indicate potential
improvements in either the ability to oxygen transporta-
tion or defense against UV.

Based on the Vst analysis of the CNVRs between
the two groups, 707 CNVRs with Vst>0.320 (top 5%)
were screened, overlapping with 215 coding genes
(Additional file 1, Table S9). Of these PSGs, 26 were
overlapped with SNP-based PSGs (Additional file 1,
Table S10). Some PSGs were significant enrichment
in hair cycle (GO:0042633), regulation of heart rate
(G0O:0002027), vasculature development (GO:0001944),
heart development (GO:0007507), and lung development
(GO:0030324) (Additional file 1, Table S11).

Selective signatures associated with cold adaptation

To understand the adaptive mechanisms in frigid envi-
ronments, we compared the cold-adapted group (AX,
QDM, and ZM cattle) to NDA, which is known for its
adaptation to hot climatic conditions in Africa. We
identified 2,166, 1,985 and 1,979 candidate genes using
Fst, m-ratio and Tajima’D methods, respectively (Addi-
tional file 1, Table S12-S14). In total, 1,029 candidate
genes were identified as PSGs in the cold-adapted group.
Analysis of the PSGs revealed several categories that
were relevant to adaptation to cold environments. These
categories, including response to cold (GO:0009409),
forebrain development (GO:0030900), lipid transport
(GO:0006869), blood vessel development (GO:0001568),
regulation of carbohydrate  metabolic  process
(GO:0006109), kidney development (GO:0001822), and
glycerolipid metabolic process (GO:0045017) appeared
to be functionally relevant to cold adaptation (Additional
file 1, Table S15). KEGG pathway analysis of the PSGs
revealed significant enrichment in 57 pathways, such as
metabolic pathways (bta01100), nitrogen metabolism
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(bta00910), renin secretion (bta00910), regulation of
lipolysis in adipocytesn signaling pathway (bta04923),
and glycerolipid metabolism (bta00561) (Additional file
1, Table S16).

We also identified 706 potentially selected CNVRs
in cold-adapted group, containing 174 annotated pro-
tein coding genes (Fig. 3a; Additional file 1, Table S17).
Among these PSGs, 35 were overlapped with SNP-based
PSGs (Additional file 1, Table S18). KEGG pathway anal-
ysis revealed that 98 pathways were significantly enriched
(Fig. 3b; Additional file 1, Table S19). Among these path-
ways, Wnt signaling pathway (bta04310), calcium signal-
ing pathway (bta04020), valine, leucine and isoleucine
degradation (bta00280), metabolic pathways (bta01100),
VEGF signaling pathway (bta04370), and oxytocin signal-
ing pathway (bta04921) appeared to be functionally rel-
evant to the cold adaptation.

Selective signatures associated with adaptation to dryland
stress

To detect potential selective sweeps associated with
arid environments, we compared the dryland-adapted
group with control group (including ZM and GIR cattle).
Regions with the top 5% of Fst values (Fst>0.31) and the
mi-ratio values (m-ratio > 3.33) were selected as candidate
regions potentially associated with adaptation in the dry-
land-adapted group (Fig. 4a; Additional file 1, Table S20
and S21). A total of 854 genes with strong selective sweep
signals were identified in the dryland-adapted group. In
addition, the Tajima'D (Tajima’s D value < -1.629) analysis
identified 2,105 candidate genes in the dryland-adapted
group (Additional file 1, Table S22). Totally, 1,548 can-
didate genes were identified as PSGs in the dryland-
adapted group (Fig. 4b).

In particular, pleckstrin homology domain contain-
ing A7 (PLEKHA?7), a gene involved in the regulation of
intracellular calcium, showed strong positive selection
in the dryland group (Fig. 4c). GO and KEGG pathway
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analyses of the PSGs identified 1,557 and 74 significantly
enriched GO terms and pathways, respectively (Addi-
tional file 1, Table S23 and S24).

In the selective sweep analysis of CNVRs, we identified
204 candidate selected CN'VRs in dryland-adapted group,
which overlapped with 173 coding genes (Additional
file 1, Table S25). Of these PSGs, 29 were overlapped
with SNP-based PSGs (Additional file 1, Table S26). The
KEGG analysis revealed that some PSGs were signifi-
cantly enriched in pathways associated with drought tol-
erance, such as salivary secretion, sphingolipid signaling
pathway, and metabolic pathways (Additional file 1, Table
S27).

Discussion

The unique genetic composition and adaptation of cattle
breeds in northwest China reflect a significant cultural
legacy and genetic variation associated with traits related
to environmental adaptation. Further genetic studies on
these cattle breeds would provide insights into improving
them in response to future climate changes. In this study,
we investigated the genetic composition and identified
valuable SNP and CNVs associated with local adapta-
tion and in three indigenous Chinese cattle breeds using
genome sequence data from 64 individuals.

Nucleotide diversity was used to estimate the level of
polymorphism within a population [14]. In this study,
the commercial European breeds (HOL, ANG, and JER)
exhibited lower levels of nucleotide diversity compared
to other cattle breeds, consistent with previous research
[15]. The reduced level of nucleotide diversity in com-
mercial European breeds may be a consequence of high-
intensity human-mediated selection for production traits
over a few generations or a low effective population size
dominated by genetic drift. In contrast, the ZM cattle
exhibit the highest nucleotide diversity. The ZM cattle is a
hybrid breed, originally comprising taurine cattle crossed
with indicine cattle as well as yak [16]. The relatively high

b
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control group. (b) KEGG enrichment analysis for the identified candidate genes
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genetic diversity observed in ZM cattle might result from
introgression of indicine cattle and yak. Ancestry compo-
nent analysis can indicate the degree of genetic informa-
tion exchange. Additionally, three indigenous Chinese
cattle breeds share genome ancestry with taurine and
indicine lineage, which is consistent with previous stud-
ies [3, 5].

Adaptive mechanisms in plateau environments

The Tibetan Plateau, known as the “roof of the world’
hosts extreme environments conditions, including low
oxygen levels, low temperatures, and high UV radia-
tion levels. Over their evolutionary histories, numerous
mammal species inhabiting this plateau have developed

diverse adaptive traits that enhance their capacity to sur-
vive in the high-altitude environment, such as large lungs
and hearts, high blood flow, and increased energy metab-
olism. In recent years, there has been increasing interest
in identifying the genetic factors that play a crucial role
in high-altitude adaptation in Tibetan people [17, 18], yak
[7], Tibetan antelope [19], as well as Tibetan pigs [10].

In this study, we uncovered a series of genes involved
in a several GO terms and signaling pathways related to
cardiovascular system and energy metabolism, such as
blood vessel morphogenesis (e.g., ANGPTI1, MMRN2
and BMPER), sprouting angiogenesis (e.g., PPARGCIA,
BMPRIB and IL6ST), regulation of heart rate by car-
diac conduction (e.g., RECK, LRP6 and CTNNBIPI,
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and purine metabolism (e.g., FHIT, PGM2 and ADK).
Hypoxia inducible factors (HIFs) consist of a HIF-la
subunit that is regulated by oxygen and a HIF-1f sub-
unit that is expressed continuously. HIFs are essential
for regulating high-altitude adaptation in humans and
animals. Among genes with evidence of positive selec-
tion, angiopoietin 1 (ANGPT1) belongs to the angiopoi-
etin family and is a major downstream target of HIF-1.
ANGPTI has been shown to be involved in angiogenesis
and increased tissue vascularization, thereby enhanc-
ing oxygen delivery [20]. Recent studies have shown
that ANGPTI has evolved under positive selection for
hypoxia adaptation in native Tibetan humans [21] and
Himalayan wolves [22]. Peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PPARGCIA) is a
crucial transcriptional coactivator involved in controlling
mitochondrial biogenesis and determining muscle fiber
type [23]. An increased number of slow muscle fibers has
been reported to enhance metabolic capacity and oxygen
delivery in plateau animals [24, 25]. The PPARGCIA gene
has been positively selected in high-altitude group, indi-
cating that enhancing oxygen-diffusing capacity through
an increase in capillarity and oxidative fiber number
may be a crucial way for cattle to respond to low oxygen
pressure. In addition to hypoxia, long-term exposure
to strong solar and ultraviolet radiation (UV) radiation
threatens the survival of high-altitude species, as UV
radiation could induce direct damage to DNA. Response
to UV and DNA repair is one of the significantly enriched
GO terms in our analyses of the high-altitude group, as
well as from the studies of other species at high altitudes
[26]. Combined with evidence from Tibetan chickens
[27], American pikas [28], the highest-elevation frog [29],
and snub-nosed monkeys [30], our results suggest that
defense against high UV radiation is a potential adaptive
mechanism for highland animals.

In addition to SNPs, we identified 215 coding genes
that overlap with highly differentiated CNVRs between
high-altitude group (QDM and ZM) and low-altitude
group. Among them, several genes (e.g., IGFBPS, LIF,
PROX1, RORA and CDHI3) involved in vasculature
development (e.g., PROXI, RORA and CDH13) and lung
development (e.g., IGFBPS, LIF, and SHH) have well-
established biological functions related to high-altitude
adaptation. CNV in genes might cause changes in gene
expression through a dosage effect. Insulin-like growth
factor binding protein 5 (IGFBP5) plays a crucial role
in key cellular adaption to angiogenesis and regulation
of smooth muscle cell proliferation [31]. Over-expres-
sion of IGFBPS can lead to increases the expressions of
angiogenic markers [32]. In our study, the IGFBP5 gene
exhibited a reduced copy number in low-altitude group
compared to the high-altitude group, implying that the
reduced dosage of the IGFBP5 gene may reduce capacity
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to adapt to hypoxia through affecting the cardiovascu-
lar system of cattle. Leukemia inhibitory factor (LIF) is a
pleiotropic cytokine belonging to the interleukin-6 cyto-
kine family, whose expression is highest in mouse lung
at birth. A previous study has shown that LIF and IGF-I
cooperatively regulate lung alveolar epithelium and vas-
cular maturation [33]. The presence of multiple copies
at the LIF gene locus was observed only in high-altitude
group in the current study, implying that the increased
dosage of LIF may benefit the adaptation to high altitude
by mediating the lung development.

Adaptive mechanisms in cold environments

Ambient temperature is one of the important non-bio-
logical challenges for livestock that affects their feed effi-
ciency, health and reproduction. Homeothermy responds
to cold stress through various adaptive mechanisms, such
as increasing production of heat by enhancing the basal
metabolic rate and insulation [34]. Cold is one of the
most significant environmental stress factors for the cat-
tle breeds from northwest China. In this study, 219 PSGs
corresponding to selective sweeps were identified in the
cold-adapted group. GO analysis identified a significant
enrichment of PSGs involved in biological processes that
contribute to the maintenance of constant body tempera-
ture during cold stress. These processes were related to
glycerolipid metabolic process, lipid metabolic process,
kidney development, blood vessel development, and fore-
brain development, among others. This finding is consis-
tent with previous studies suggesting that cold tolerance
is a multifaceted process involving multiple biological
processes, such as (1) energy metabolism, (2) nervous
system development, (3) blood circulation [34, 35].

Of all PSGs, we identified 17 PSGs associated with
lipid metabolism and thermogenesis, including thyroid
stimulating hormone receptor (7SHR), cGMP-depen-
dent protein kinase (PRKGI), lipoprotein lipase (LPL),
monoacylglycerol O-acyltransferase 1 (MOGAT1I), acyl-
CoA synthetase long-chain family member 3 (ACSL3),
and glycerol kinase (GK). This finding is consistent
with previous research highlighting the significance
of fat metabolism in cold adaptation in chickens [36],
Siberians [37], Yakutian horses [38], and woolly mam-
moths [39]. It is also worth noting that TSHR has been
reported to be related to regulation of metabolism and
photoperiod control of reproductive cycles in vertebrates
[40]. TSHR belongs to the G protein-coupled receptor
(GPCR) superfamily and plays an important role in thy-
roid development and function [41]. Recent studies have
shown that TSHR plays a role in regulating energy bal-
ance, metabolism, and thermoregulation [42, 43]. The
PRKGI1 gene plays a crucial role in regulating cardiovas-
cular homeostasis [44]. It has been identified as a candi-
date gene for feed conversion efficiency, intramuscular
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fat content, and meat tenderness in cattle [45]. It was
also found that the PRKGI gene was subjected to selec-
tion in several species such as sheep [11], the Amur Tiger
[46], and Siberian [37], which inhabit cold environments.
Therefore, we propose that these genes associated with
energy metabolism may play a role in the adaptation of
cattle to low-temperature environments.

A total of 170 genes were identified as potential PSGs
according to Vst test on the copy number of CNVRs.
Some of these PSGs were enriched in GO terms related
to cold tolerance, such as blood circulation, kidney devel-
opment, and glycerolipid metabolic process, suggesting
that CNVs contribute to cold adaptation in cattle. For
instance the 3-Oxoacid CoA-Transferase 1 (OXCT1I) gene
is involved in extrahepatic ketone body catabolism and is
abundantly expressed in brown adipocytes. It has been
reported that OXCT1 is involved in the maintenance of
body core temperature in mice [47]. Phospholipase C
epsilon 1 (PLCE1), a member of the phospholipase fam-
ily, plays a crucial role in intracellular signaling by cata-
lyzing the hydrolysis of membrane phospholipids [48].
PLCET has been identified as a candidate gene for climate
adaptation in sheep [49, 50]. Both studies indicated that
variations in PLCEI gene were associtaed with the mean
diurnal temperature range. The presence of multiple cop-
ies of OXCT1 and PLCEI genes were identified in cold-
adapted group, suggesting that the increased dosage of
OXCT1I and PLCEI may benefit the adaptation to low-
temperature environments.

Adaptive mechanisms in dryland

The Gobi region is characterized by arid conditions,
low precipitation, high evaporation, intense solar radia-
tion, and large temperature fluctuations. To cope with
the challenges of arid environments, animals inhabiting
Gobi region have evolved unique physiological traits,
including enhanced use of metabolic water, reduced
water losses via urine and feces, the ability to tolerate a
high-salt diet without developing high blood pressure,
and adaptive tolerance to starvation and dehydration
[51]. In this study, PSGs in the dryland-adapted group
were significantly enriched in metabolic pathways, pan-
creatic secretion, insulin secretion, and oxytocin signal-
ing pathway. These pathways are crucial for adaptability
to water deprivation and poor-quality forages in dry-
land region. Similar findings have been reported for the
Bactrian camel [52] and sheep [11], suggesting potential
convergent evolution in mammals adapting to arid des-
ert environments. In addition, we found that PSGs in
the dryland-adapted group were significantly enriched
in some well-known GO terms and pathways related to
adaptation to a dryland environment, such as renal sys-
tem development, regulation of sodium ion transport,
and intracellular calcium ion homeostasis, visual system
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development, water homeostasis, regulation of water loss
via skin, vasopressin-regulated water reabsorption, and
calcium signaling pathway. The kidney plays a vital role
in regulating of water retention and reabsorption, and
water retention in the kidney are associated with adapta-
tion to starvation and dehydration in desert animals [51].
Hypertonicity regulates water balance and reabsorption
in the kidney. Among the candidate genes for dryland
stress adaptations, pleckstrin homology domain contain-
ing A7 (PLEKHA?) is a candidate gene for human hyper-
tension, which plays a key role in reducing salt-sensitive
hypertension and renal diseases in rats [53]. A recent
study demonstrated that PLEKHA?7 is under positive
selection for adaptation to arid environment in African
sheep [54]. Another candidate gene worth noting, related
to water reabsorption, is nuclear factor of activated T
cells 1 (NFATC1). A recent study showed that NFATCI
regulates the expression of genes associated with water
reabsorption in the kidneys of the Yarkand hare [55].
Solar radiation and airborne dust are critical challenges
in the desert environments, which can lead to a number
of ophthalmic conditions and respiratory diseases [52].
We found that several PSGs were involved in visual sys-
tem development and respiratory gaseous exchange by
respiratory system, which may offer protection against
solar and UV radiation. In addition, a few PSGs (e.g.,
CMPK1, EIF2AK4, PARP1, BARDI and CHEKI) in
dryland-adapted group were enriched in responses to
UV and DNA damage response. Intriguingly, Cytidine/
uridine monophosphate kinase 1 (CMPKI) was previ-
ously reported to be under positive selection for adapta-
tion to hot dryland environments in Egyptian sheep [56].
Eukaryotic translation initiation factor 2 alpha kinase 4
(EIF2AK4) was previously identified as a candidate gene
for thermal tolerance traits in Chinese cattle [57]. These
results provide evidence that AX and QDM cattle have
undergone to adapt to the harsh environment of the Gobi
desert.

In addition to SNPs, we identified 185 coding genes
that overlapped with highly differentiated CNVRs
between the dryland-adapted group with the control
group. Interestingly, a CNVR on chromosome 10, which
has the sixth highest Vst score and covers phospholipase
C Beta 1 (PLCBI), a gene that was previously identified
as being positively selected in sheep and goats adapting
to dry-arid environments [58]. PLCBI was also identified
as a PSG based on the SNP set. It hydrolyzes 1-phospha-
tidylinositol 4,5-bisphosphate into diacylglycerol (DAG)
and inositol 1,4,5-trisphosphate (IP3). In this study, a
reduced copy number of the PLCBI gene was observed
only in the control group, suggesting that the PLCBI gene
may be involved in adaptation to arid environment. ATP
Binding Cassette Subfamily C Member 4(ABCC4) is a
member of the ATP-binding cassette (ABC) superfamily
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transporters, which is involved in cellular defense against
oxidative stress [59]. A previous study demonstrated that
the ABCC4 gene is a candidate gene involved in heat
stress and immune response in buffaloes. These results
suggest a genetic basis for the ability of AX and QDM
cattle to endure the challenges of the dryland. Moreover,
it is recommended to validate the findings using alterna-
tive methods such as GWAS, candidate gene approach
and gene expression analysis.

Conclusions

In this study, we identified numerous novel genes, crucial
pathways and GO categories associated with local adap-
tations of cattle to plateau and arid environments. Nota-
bly, the candidate genes, GO categories and pathways
were functionally implicated in cardiovascular system in
plateau environment, energy metabolism in cold environ-
ments, and water reabsorption in the arid environment.
These results expanded our knowledge of the genetic
mechanisms underlying cattle adaptations to harsh
environments.

Materials and methods

Sample collection and whole-genome sequencing

We sampled blood from a total of seven unrelated AX
cattle in Guazhou County, Gansu Province. To ensure
a representative sample, we consulted with livestock
experts and owners of the cattle. After sample collec-
tion, the wound was disinfected with iodine volt to pre-
vent infection. All operations of sample collection were
allowed by the owner. No cattle were sacrificed for this
study. The standard phenol-chloroform extraction pro-
tocol was employed for the extraction of blood genomic
DNA. The quality and quantity of DNA were assessed
using 0.8% agarose gel electrophoresis and a NanoDrop
2000 spectrophotometer (NanoDrop, Wilmington, DE,
USA). The Illumina TruSeq Nano DNA Library Prep
Kit (Thermo Fisher Scientific, Waltham, MA, USA) was
used to create paired-end sequencing libraries with an
insert size of 150 bp. These libraries were subsequently
sequenced on the Illumina HiSeq X Ten platform
(Thermo Fisher Scientific). Moreover, resequencing data
for eight cattle breeds, including AX (n=3), QDM (n=8),
ZM (n=3), Holstein (HOL, n=10), Jersey (JER, n=10),
Angus (ANG, n=10), Gir (GIR, n=3), and N'Dama
(NDA, n=10) cattle were obtained from the NCBI
Sequence Read Archive (SRA, http://www.ncbi.nlm.nih.g
ov/Traces/sra) (Additional file 1 Table S28).

Sequence alignment and variation identification

Trimmomatic v0.36 was utilized to eliminate low-
quality and adaptor contaminant sequences. The Bur-
rows-Wheeler Alignment tool (BWA) version 0.7.5a
(bwa-mem) [60] was used to align clean reads to the Bos
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taurus reference genome (ARS_UCD1.2). SAMtools [61]
v1.1 was utilized for the conversion of SAM files into
BAM files. Picard tools v1.1193 was used to identify and
mark duplicate reads resulting from PCR amplification.
The haplotypeCaller of the Genome Analysis Toolkit
(GATK, version v3.6) [62] was used to call variants fol-
lowing the GATK best practices. The raw SNPs were fil-
tered sing the “VariantFiltration” mode of GATK v4.1.2.0
based on the following criteria (-Window 4, -filter
“QD<4.0|| FS>60.0/|] MQ<40.0, -G_filter “GQ<20").
Finally, VCFtools [63] was employed to eliminate variants
with missing genotypes exceeding 10% and minor allele
frequencies (MAF) less than 0.05. Only biallelic SNPs
were used for subsequent analysis. Copy number varia-
tions (CNVs) across autosomes were detected using the
CNVecaller software [64]. The specific steps were in accor-
dance with a reported study [65]. The raw CNVRs were
merged into final CNVRs using the parameters (-f 0.1, -h
1, -r 0.5). Variation annotation and effect prediction were
conducted using ANNOVAR [66] based on cattle refer-
ence genome and its annotation. To avoid gender bias,
only variants on autosomal chromosomes were included
in all analyses.

Population genetic analysis

Nucleotide diversity (in windows of 10 Mb) was initially
estimated using VCFtools [63]. Plink 1.9 [67] was utilized
to conduct the principal components analysis (PCA).
ADMIXTURE (v1.3.0) [68] was used to estimate popula-
tion structure and individual ancestry proportions with
K ranging from 2 to 8 and 1000 bootstrap replicates. A
phylogenetic tree was constructed using the neighbor-
joining method was obtained using FigTree v1.4.0 (http:
//tree.bio.ed.ac.uk/software/figtree/) based on the matrix
of pairwise genetic distances among all samples.

Genome scanning for selection sweeps

To uncover genetic variants under selection, analyses
were performed with the following four comparisons: (1)
high-altitude group (QDM and ZM) versus low-altitude
group (AX, HOL, ANG and JER), (2) cold-adapted group
(QDM, AX and ZM) versus control group (NDA), (3)
dryland-adapted group (QDM and AX) versus control
group (ZM and GIR) (Additional file 1 Table S29).

For SNPs, we employed three distinct statistics (Fst,
Tajima’s D, and m-ratio) to identify positive selec-
tion signals. We utilized the VCFtools [63] to calculate
Fst, m-ratio, and Tajima’s D value using a sliding-win-
dow method (window size: 100 kb; step size: 10 kb), as
described previously [69]. For SNPs, candidate outliers
under strong positive selection were identified when two
or more methods exhibited overlapping outlier signals
(top 5% values).
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For CNVs, the Vg parameters were quantified to mea-
sure population differentiation in copy numbers at each
CNVR between different comparisons. Vgr was calcu-
lated as follows: (V1-V)/Vy, where Vi represents the
total variance of copy number among all unrelated indi-
viduals, and Vy is the average variance within each popu-
lation [70]. CNVRs with the highest 5% Vst values were
considered selective CNVRs.

Functional enrichment analysis of candidate genes

Gene annotation for regions overlapping with selective
regions was performed based on the Bos taurus reference
genome (ARS_UCD1.2). Gene ontology (GO) analysis
was conducted by Metascape [71] (Metascape, http://m
etascape.org). The KOBAS -i software [72] was utilized
to conduct Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis through a hyper-
geometric test.
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