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Abstract 

Background  The admixture between taurine and indicine cattle increases breed diversity and provides new genetic 
resources for human and natural selection. The climate of northwestern China is typified by cold and arid conditions, 
and cattle in this region are primarily taurine breeds. However, Guyuan cattle inhabit a transitional zone in northwest-
ern China, typified by semi-arid and semi-humid climates. It is hypothesized that Guyuan cattle have a little of indicine 
ancestry. These results suggest that Guyuan cattle are a valuable genetic resource.

Results  We established a conservation population of Guyuan cattle in their native habitat. We found that Guyuan 
cattle were an admixture between 78.09% East Asian taurine (EAT) and 20.26% East Asian indicine (EAI) ancestries. 
The admixture in Guyuan cattle was dated to 255 years ago. Notably, we identified Guyuan cattle as a unique genetic 
resource, representing a transitional breed between northern and central Chinese cattle with distinct admixture pro-
portions. We revealed that the selection signals in Guyuan cattle with excess EAT ancestry were associated with repro-
duction, immunity, body length, cold climate adaptation, pigmentation, muscle development, residual feed intake, 
and fat deposition and that the selection signals in Guyuan cattle with excess EAI ancestry were associated with dis-
ease resistance. Remarkably, we discovered valuable single nucleotide polymorphisms (SNPs) in the promoter regions 
of the RBM39 and NEK6 genes, which may play key roles in regulating muscle development and disease resistance.

Conclusions  Our results suggest that Guyuan cattle are a newly identified genetic resource, and the native taurine 
and indicine ancestries in Guyuan cattle remain a valuable genetic resource of conservation and breeding.
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Background
Cattle are one of the most important economic animals 
in the world, providing the high-quality protein-meat 
and milk that humans depend on for survival. Accord-
ing to the Food and Agriculture Organization of the 
United Nations (FAO), 1.4 billion cattle are kept world-
wide. Despite their vast numbers, the expanding scope of 
human activities poses a significant threat to the genetic 
diversity of cattle, putting their breeds at risk of extinc-
tion. The FAO reports that cattle are an endangered 
species, with 17% of cattle breeds worldwide at risk and 
254 breeds already extinct [1]. The widespread adoption 
of high-yield breeds, such as Holstein dairy cows and 
Angus beef cattle, has further exacerbated this situation. 
The loss of genetic diversity in cattle not only threatens 
the resilience and adaptability of breeds to environmen-
tal changes but also poses significant risks to global food 
security, especially in the context of climate change and 
emerging diseases. Genetic diversity serves as a critical 
buffer against these challenges, highlighting the urgency 
of developing effective conservation and breeding strate-
gies based on genomic insights.

Based on genomic research, cattle worldwide are pri-
marily divided into humpless taurine cattle and humped 
indicine cattle [2], which diverged more than 250,000 
years ago [3]. Taurine cattle are predominantly found 
in the Northern Hemisphere; these cattle have adapted 
to temperate and cold climates and are known for their 
meat quality and growth characteristics [4]. In con-
trast, indicine cattle are distributed mainly in equatorial 
regions and the Southern Hemisphere; these cattle have 
adapted to tropical and subtropical climates and exhibit 
disease resistance and immune advantages [5]. Tau-
rine × indicine cattle are widely bred in regions where 
temperate and tropical climates meet, exploiting advan-
tage of breed complementarity and heterosis [6, 7]. Fur-
thermore, genomic research consistently classifies cattle 
worldwide into five ancestral lineages: European taurine, 
Eurasian taurine, East Asian taurine, East Asian indicine, 
and South Asian indicine [8, 9].

Given the global situation of cattle genetic diversity, it 
is essential to explore the unique genetic resources within 
different regions. China, with its diverse cattle popula-
tions [10, 11], offers a valuable opportunity for research 
on the genetic diversity, ancestry, admixture and select of 
native cattle breeds. Native Chinese cattle have two types 
of ancestry: East Asian taurine (EAT) in the north, north-
west, and Qinghai-Xizang of China; East Asian indicine 
(EAI) in the south of China. Different proportions of 
admixture between EAT and EAI cattle increase genetic 
diversity and provide novel genetic resources for human 
and natural selection. The taurine × indicine breeds that 
have been identified include Qinchuan [12], Zaosheng 

[13], Nanyang [15], Luxi [15], Jiaxian Red [15], Bohai 
Black [19], and Sanjiang [15] cattle.

Guyuan cattle are distributed in Guyuan City, Ningxia 
Hui Autonomous Region, in Northwest China (Fig.  1a). 
The geographic location of Guyuan cattle is unique. Guy-
uan cattle are located in the transitional zone between 
the northwest and north of China, as well as near the 
transitional zone between the north and south of China. 
As a result, Guyuan cattle inhabit a transitional zone 
between semi-arid and semi-humid climates. The highest 
rainfall occurs in August, averaging 109.73 ± 63.95 mm, 
with an average temperature of 19.35 ± 0.06 °C (Fig. 1b). 
The lowest temperature is recorded in January, averag-
ing -7.52 ± 0.09 °C, with a minimal rainfall of 2.37 ± 3.36 
mm (Fig. 1b). This geographic and climatic environment 
has contributed to the germplasm characteristics of Guy-
uan cattle. They are known for their climbing ability and 
disease resistance [19] and the admixture between tau-
rine and indicine cattle in Guyuan cattle has occurred 
[23]. Previous studies on taurine × indicine cattle mainly 
focused on certain well-known breeds, such as Qinchuan 
[12], Nanyang [15], Luxi [15], and Bohai Black [19] cattle, 
which are predominantly distributed in central China, 
particularly in the transitional zone between northern 
and southern China. These studies have mainly reported 
ancestry and admixture proportions, without the selec-
tion of different ancestries. Additionally, the selection of 
different ancestries in taurine × indicine cattle in the vast 
expanse of northwestern China has yet to be reported. 
Our study is the first to comprehensively analyze the 
genetic characteristics of Guyuan cattle from north-
western China, offering new insights into this regionally 
unique breed.

In this study, we established a conservation popula-
tion of Guyuan cattle in their native habitat. By sequenc-
ing the genomes of 39 Guyuan cattle and collecting 165 
genomes considering the geographical location and 
ancestry of Guyuan cattle (Fig.  1c). Through genomic 
analysis, we identified Guyuan cattle as a novel genetic 
resource, representing a transitional breed between 
northern and central Chinese cattle. Through ancestral 
inference and selective sweeps, we revealed that Guyuan 
cattle are a valuable genetic resource in reproduction, 
immunity, body length, cold climate adaptation, pigmen-
tation, muscle development, residual feed intake, fat dep-
osition, and disease resistance, offering valuable insights 
for their conservation and breeding strategies. Further-
more, we identified valuable single nucleotide polymor-
phisms (SNPs) in the missense mutations and promoter 
regions within the selection signals in Guyuan cattle. 
These results, exemplified by Guyuan cattle, provide 
valuable insights and resources for genetic improvement 
and breeding of taurine × indicine cattle.
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Results
Population genetic structure and genomic diversity
The population genetic structure analyses, including 
neighbor-joining (NJ) tree, principal component analy-
sis (PCA), and ADMIXTURE, consistently demonstrated 
that Guyuan cattle represent a distinct genetic resource, 
clearly separated from geographically adjacent breeds 
such as Mongolian, Zaosheng, and Qinchuan cattle. 
Their history dates back to the Northern Wei Dynasty 
(~ 1,500 years ago) (Additional file  1: Fig. S1). The NJ 
tree revealed that Guyuan cattle forms a unique branch, 
positioned closer to EAT and EAI cattle but maintaining 
a distinct structure, highlighting its independent genetic 
lineage (Fig.  2a). The PCA further supported this find-
ing which Guyuan cattle are the admixture between EAT 
and EAI cattle, but distinct from Zaosheng and Qinchuan 
cattle, reflecting its unique genetic composition (Fig. 2b). 
The ADMIXTURE analysis identified that Guyuan cattle 
have 20.26% EAI ancestries, but Zaosheng and Qinchuan 
cattle have 25.43% and 25.97% EAI ancestries, displaying 
its unique ancestral components (Fig.  2c). These results 
not only demonstrated the unique genetic composition 
of Guyuan cattle but also suggested that their genetic 
structure was influenced by a combination of EAT and 
EAI ancestries, highlighting their distinct evolutionary 

history and genetic differentiation from neighboring 
breeds.

The nucleotide diversity, number of total SNPs, and 
number of breed-specific SNPs of Guyuan cattle were 
intermediate between the values of EAT and EAI cat-
tle (Fig.  3a, b). The maximum linkage disequilibrium 
(LD) coefficient (r2) of Guyuan cattle was 0.5403, which 
was lower than those of EAT (0.6569) cattle but higher 
than that of EAI (0.4426) cattle (Fig.  3c). Short runs of 
homozygosity (ROHs) (< 0.5 Mb) accounted for 94.48% in 
Guyuan cattle (Fig. 3d), compared to 95.22% in EAT cat-
tle and 97.17% in EAI cattle. This findings also suggested 
that the genomic diversity of Guyuan cattle was interme-
diate between that of taurine and indicine cattle. Con-
sistently, these results also suggested that the genomic 
diversity of Guyuan cattle was intermediate between that 
of EAT and EAI cattle, further supporting the notion of 
Guyuan cattle as a unique admixture.

Collectively, these results provided strong evidence 
that Guyuan cattle are a unique genetic resource, typified 
by significant differentiation from neighboring breeds 
as well as distinct genetic structure and genomic diver-
sity. Furthermore, their genetic structure, influenced by 
the combination of EAT and EAI ancestries, may con-
tribute to their climbing ability and disease resistance, 

Fig. 1  Geographic distribution of Guyuan cattle and other breeds used in this study. Geographical distribution of the 21 breeds, comprising 204 
individuals. a Guyuan cattle and their natural habitat. b Monthly average rainfall and temperature in the geographic regions of Guyuan cattle and its 
neighboring breeds (Zaosheng, Qinchuan, and Mongolian cattle). c Geographical distribution of 21 breeds, comprising 204 individuals. AGS, Angus; 
HER, Hereford; SIM, Simmental; GEL, Gelbvieh; HAN, Hanwoo; YB, Yanbian; XZT, Xizang; CDM, Qaidam; AX; Anxi; MG, Mongolian; GY, Guyuan; ZS, 
Zaosheng; QC, Qinchuan; XN, Xiangnan; WZ, Weizhou; HN, Hainan; RSD, Red Sindhi; DN, Dhanni; CLT, Cholistani
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highlighting their potential for adaptation to local envi-
ronments. These findings underscore the importance 
of Guyuan cattle for conservation and further genetic 
studies.

Ancestry inference and missense mutations
The proportion of EAI ancestry in Guyuan, Zaosheng, 
and Qinchuan cattle, previously estimated by ADMIX-
TURE, was further estimated using RFMix and Admix-
tools (Table  1). These results consistently showed that 
the proportion of EAI ancestry decreased geographically 
from south to north among these cattle breeds. Ancestry 
segments of EAT and EAI in Guyuan cattle were inferred 
from LOTER. Ultimately, 8,535 EAT segments and 2,652 
EAI segments were retained (Fig. 4a and Additional file 2: 
Table S1). The NJ tree of these segments confirmed the 
results (Fig. 4b, c). For the excess EAT ancestry segments 
in Guyuan cattle, 1,245 genes were annotated, which were 
enriched in pathways related to meat quality, growth and 
development (Fig. 4d). For the excess EAI ancestry seg-
ments in Guyuan cattle, 357 genes were annotated, which 
were enriched in pathways related to disease resist-
ance (Fig. 4e). The admixture in Guyuan cattle occurred 
around 51 generations ago, based on LD decay patterns 
analyzed with ALDER. Assuming a generation time of 5 

years for cattle [15], this corresponds to approximately 
255 years ago.

A total of 102 missense mutations in 74 genes were 
identified with a frequency of missense mutations greater 
than 0.8 or less than 0.1 in Guyuan and EAT cattle and 
less than 0.1 or greater than 0.8 in EAI cattle (Additional 
file 2: Table S2). A total of 46 missense mutations in 41 
genes were identified with a frequency of missense muta-
tions greater than 0.45 or less than 0.1 in Guyuan and 
EAI cattle and less than 0.1 or greater than 0.35 in EAT 
cattle (Additional file 2: Table S3).

Selection signals in Guyuan cattle with excess EAT ancestry
We first explored continuous sweeps of selection regions 
using integrated haplotype scores (iHS). The top 2% of 
regions containing a proportion of SNPs with ||iHS|≥ 2 
were identified, yielding a total of 2,484 potential selec-
tion regions (Additional file  1: Fig. S2). We then cal-
culated the fixation index (FST )  and cross population 
extended haplotype homozygosity (XP-EHH) values 
between Guyuan and EAI cattle. After the Z tests were 
conducted, 8,166 and 5,185 windows, respectively, were 
retained as potential selection regions (Additional file 1: 
Fig. S3a,  b). A total of 105 windows identified by iHS, 
FST, and XP-EHH overlapped. We further considered 

Fig. 2  Population genetic structure of Guyuan cattle. a NJ tree of all individuals. b PCA showed PC1 and PC2 for all individuals. c Admixture model 
results for K = 2 and K = 4. AGS, Angus; HER, Hereford; SIM, Simmental; GEL, Gelbvieh; HAN, Hanwoo; YB, Yanbian; XZT, Xizang; CDM, Qaidam; AX; Anxi; 
MG, Mongolian; GY, Guyuan; ZS, Zaosheng; QC, Qinchuan; XN, Xiangnan; WZ, Weizhou; HN, Hainan; RSD, Red Sindhi; DN, Dhanni; CLT, Cholistani
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the proportion of EAT ancestry (Additional file  1: Fig. 
S3c) across the entire genome (EAT ancestry > 88.95%) 
and combined adjacent windows, ultimately retaining 16 
genomic regions containing 21 genes (Table 2).

The selection signals in Guyuan cattle with excess 
EAT ancestry include CAPN7 [19] and GALNTL6 [15, 
23], associated with reproduction; SLAMF1, CD84, and 
SLAMF6, associated with immunity [19]; CACNA1C, 
associated with body length [23]; SPAS7, associated with 
cold climate adaptation; ASIP and AHCY, associated with 
pigmentation [9]; CPNE1 [15, 19], NFS1 [23], ROMO1 

Fig. 3  Genomic diversity of Guyuan cattle. a The genome-wide distribution of nucleotide diversity in each breed is presented in 50 kb windows 
with a 20 kb steps. b Number of SNPs identified in each breed with respect to the reference genome. High and low bars represent the numbers 
of all SNPs and breed-specific SNPs, respectively. c Genome-wide average LD decay estimated for each breed. d ROHs patterns of all individuals 
from each cattle geographic groups. EUT, European taurine; EAT, East Asian taurine; GY, Guyuan; ZS, Zaosheng; QC, Qinchuan; EAI, East Asian indicine; 
SAI; South Asia indicine

Table 1  The proportion of EAI ancestry in Guyuan, Zaosheng, 
and Qinchuan cattle was estimated via ADMIXTURE, RFMix, and 
Admixtools

Cattle breed ADMIXTURE (%) RFMix (%) Admixtools 
(%)

Guyuan 20.26 25.94 21

Zaosheng 25.43 27.70 25

Qinchuan 25.97 29.85 26
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Identification of the local segments in which proportions of a certain ancestry were significantly higher than the proportion in the whole genome 
in Guyuan cattle. a Distribution of the local segments with proportions of EAT and EAI ancestries. b NJ tree of Guyuan cattle with excessive EAT 
ancestry, EAT, and EAI cattle. c NJ tree of Guyuan cattle with excessive EAI ancestry, EAT, and EAI cattle. d The KEGG pathways from the enrichment 
analysis of genes with excessive EAT ancestry. e The KEGG pathways from the enrichment analysis of genes with excessive EAI ancestry. f The 
significant difference in the frequency of missense mutations between the group (Guyuan and EAI cattle) and the group (EAT cattle)
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[15], RBM39 [19], and PHF20 [23], associated with mus-
cle development; ATP6V1H [15, 19, 23] and XKR4 [15], 
associated with residual feed intake; and EPRS, associ-
ated with fat deposition [19, 23].

The four strongest selection signals in Guyuan cat-
tle with excess EAT ancestry (Additional file  1: Fig. S4) 
were Bos taurus autosome 3 (BTA3) (8.96–9.09 Mb), 
BTA3 (9.16–9.21 Mb), BTA13 (63.58–63.75 Mb), and 
BTA13 (64.80–65.03 Mb). The average proportions of 
EAT ancestry in these regions were 90.08%, 92.09%, 

92.17%, and 94.55%, respectively. These regions in Guy-
uan cattle had high proportions of SNPs with |iHS|≥ 2, 
high proportions of EAT ancestry, high FST values, and 
low Tajimas’ D values (Fig. 5a and Additional file 1: Fig. 
S5a). Haplotype sharing was observed between Guy-
uan and EAT cattle in these regions (Fig.  5b and Addi-
tional file 1: Fig. S5b). The core variants of these regions 
were rs137179098 (BTA3: 9,010,601), rs133600619 
(BTA3: 9,170,093), rs110917065 (BTA13: 63,701,514), 
and rs449336579 (BTA13: 65,039,842) in the extended 

Table 2  Candidate regions with an excess of EAT ancestry in Guyuan cattle. Note: Bos taurus autosome (BTA)

BTA Regions (Mb) No. of 
windows

Proportion of 
SNPs with 
|iHS|≥ 2 (%)

FST XP-EHH EAT Ancestry (%) Genes identified Previous studies

1 152.18–152.25 2 71.00% 0.54 1.59 89.51% LOC112448102|CAPN7 Reproduction (Muhammad 
et al. 2018)

3 8.96–9.09 5 97.11% 0.53 5.22 92.09% SLAMF1|CD84 Immune (Qi. 2021)

3 9.16–9.21 1 86.25% 0.52 4.70 90.08% SLAMF6 Immune (Qi. 2021)

5 108.48–108.53 1 44.34% 0.52 1.57 91.24% CACNA1C Body length (Chen et al. 
2020)

6 70.00–70.05 1 41.11% 0.50 2.42 89.31% — —

8 4.26–4.31 1 35.05% 0.53 1.91 92.34% GALNTL6 Reproduction (Borowska 
et al. 2018; Ghoreishifar et al. 
2023)

11 14.70–14.75 1 91.75% 0.57 1.59 90.43% SPAST Cold climate adaptation 
(Wang et al. 2022; Mahar 
et al. 2024)

13 15.58–15.63 1 45.36% 0.54 1.70 90.16% — —

13 63.54–63.59 1 35.34% 0.71 2.03 91.12% — —

13 63.58–63.75 7 61.59% 0.70 3.02 92.17% ASIP|AHCY Pigmentation (Chen et al. 
2023)

13 64.80–65.03 10 54.22% 0.60 2.65 94.55% SPAG4|LOC526745|CPNE1|R
BM12|NFS1|ROMO1|RBM3
9|PHF20

Muscle development (Her-
nandez et al. 2019; Saha et al. 
2014; Anderson et al. 2016; 
Jones et al. 2023; Lee et al. 
2020; Chen et al. 2022)

14 21.86–21.91 1 62.69% 0.51 2.31 91.02% ATP6V1H Residual feed intake (de Las 
et al. 2019; Uemoto et al. 
2020; Brunes et al. 2021)

14 22.06–22.19 5 63.40% 0.56 1.91 92.00% — —

14 22.82–22.93 4 47.58% 0.59 2.45 91.59% XKR4 Residual feed intake (Lind-
holm-Perry et al. 2012)

16 23.46–23.51 1 51.81% 0.51 2.44 94.24% EPRS Fat deposition (Arif et al. 
2017; Hay et al. 2018)

29 46.74–46.79 1 63.74% 0.53 1.84 89.55% — —

(See figure on next page.)
Candidate regions of BTA13 (63.58–63.75 Mb) and BTA3 (64.80–65.03 Mb) in Guyuan cattle with an excess of EAT ancestry. a For the candidate 
regions, the proportions of SNPs with |iHS|≥ 2 and EAT ancestry in Guyuan cattle were calculated in 5 kb windows with a 2 kb step, along with the 
FST values between Guyuan and Hanwoo or EAI cattle and the Tajimas’ D values in Guyuan and EAI cattle. b Haplotypes in the candidate regions 
(major alleles shown in orange, minor alleles in blue). c Core SNPs of the candidate regions in the EHH test. d SNPs in the promoter of the RBM39 
gene identified by ATAC_seq and H3K4me3 ChIP_seq in bovine muscle tissues. e Expression of the RBM39 gene identified by RNA-seq in bovine 
different muscle tissues
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haplotype homozygosity (EHH) test (Fig.  5c and Addi-
tional file 1: Fig. S5c).

Two missense mutations within the selection signals 
in Guyuan cattle with excess EAT ancestry, rs449336579 
(PHF20; BTA13: T65,039,842C; Val459Ala) and 
rs136018834 (ATP6V1H; BTA14: G21,874,515A; Val-
279Ile), were significantly different between taurine cat-
tle and indicine cattle. The distributions of the tow SNPs 
in taurine, indicine, and taurine × indicine cattle world-
wide reveaed same results (Additional file  2: Table  S4). 
We downloaded the structure of bovine ATP6V1H and 
predicted the structures of both the wild-type and mutant 
proteins using AlphaFold2. This mutation altered the 
structure of ATP6V1H (Additional file 1: Fig. S6).

Guyuan cattle are known for climbing ability. All genes 
in BTA13 (64.80–65.03 Mb) are associated with muscle 
development. To identify potentially functional SNPs in 
promoter regions, we focused on SNPs whose FST values 
between Guyuan and EAI cattle exceeded the genome-
wide level (P < 0.05). Furthermore, we overlapped these 
SNPs with the regions identified by ATAC_seq and 
H3K4Me3 ChIP_seq in bovine muscle tissues. For BTA13 
(64.80–65.03 Mb), we found three potentially functional 
SNPs in the promoter region of the RBM39 gene in 
bovine muscle tissues (Fig.  5d). RNA-seq revealed that 
the RBM39 gene was expressed in bovine different mus-
cle tissues (Fig. 5e).

Selection signals in Guyuan cattle with excess EAI ancestry
We calculated the FST and XP-EHH values between 
Guyuan and Hanwoo cattle. After conducting Z tests, 
we identified 8,276 and 5,516 windows, respectively, as 
potential selection regions (Additional file 1: Fig. S7a, b). 
Among these, 538 windows overlapped across the three 
methods (iHS, FST, and XP-EHH). By further consider-
ing the proportion of EAI ancestry (Additional file  1: 
Fig. S7c) across the genome (EAI ancestry > 45.69%) and 
merging adjacent windows, we retained three genomic 
regions (Table 3).

BTA11 (95.20–95.37 Mb) is the strongest selection 
signal in Guyuan cattle with excess EAI ancestry (Addi-
tional file  1: Fig. S8), including part of the NEK6 gene, 
which has been associated with disease resistance [15]. 
The average proportion of EAI ancestry in the region is 

65.67%. The region had high proportion of SNPs with 
|iHS|≥ 2, high proportion of EAI ancestry, high FST val-
ues, low θπ values, and low Tajimas’ D values (Fig.  6a). 
Haplotype sharing was observed between Guyuan and 
EAI cattle in the region (Fig. 6b). The core variant of the 
region was rs208403297 (BTA11: 95,322,218) in the EHH 
test (Fig. 6c).

Guyuan cattle are known for disease resistance. The 
spleen serves as a reservoir of immune cells. For BTA11 
(95.20–95.37 Mb), we overlapped SNPs whose FST values 
between Guyuan and Hanwoo cattle that exceeded the 
genome-wide level (P < 0.05) with the regions identified 
by ATAC_seq and H3K4Me3 ChIP_seq in bovine spleen 
tissues. We found a potentially functional SNP in the 
promoter region of the NEK6 gene (Fig.  6d). RNA-seq 
demonstrated robust expression of the NEK6 gene in tis-
sues highly enriched with immune cells (Fig. 6e)

Discussion
Most reported taurine × indicine cattle breeds result 
from the admixture between European taurine and South 
Asian indicine cattle [19]. In contrast, China’s native tau-
rine × indicine cattle breeds are the admixture between 
EAT and EAI cattle [8]. Approximately 4,000-5,000 years 
ago, taurine cattle migrated eastward from their origi-
nal domestication center in the Near East to northern 
China. Around 3,000 years ago, indicine cattle from India 
migrated to China, leading to the emergence of admix-
ture. The geographical regions of China are divided into 
the northern, southern, northwestern, and Qinghai-
Xizang regions. Cattle breeds in northern, northwestern 
and Qinghai-Xizang China are mostly taurine cattle, such 
as Yanbian [8], Mongolian [23], Qaidam [15], Anxi [19], 
and Xizang [48] cattle. In contrast, the breeds in south-
ern China are mostly indicine cattle, such as Hainan [23] 
cattle. The breeds in the transitional zone between north-
ern and southern China are often taurine × indicine cat-
tle, such as Qinchuan [12], Nanyang [15], Luxi [15], and 
Bohai Black [19] cattle. Compared with taurine cattle 
breeds from northwestern China, such as Mongolian [23] 
and Anxi [19] and cattle, Guyuan cattle have the highest 
proportion of EAI ancestry. In contrast, compared with 
taurine × indicine cattle breeds from the central plains 
of China, such as Qinchuan [12], Nanyang [15], Luxi 

Table 3  Candidate regions with an excess of EAI ancestry in Guyuan cattle. Note: Bos taurus autosome (BTA)

BTA Regions (Mb) No. of 
windows

Proportion of SNPs 
with |iHS|≥ 2 (%)

FST XP-EHH EAI ancestry (%) Genes identified Previous studies

6 51.78–51.83 1 38.60% 0.25 2.47 49.85% —

11 95.20–95.37 7 52.79% 0.22 2.95 65.67% NEK6 Disease resistance 
(Kumar et al. 2022)

20 28.92–28.99 2 57.50% 0.17 1.57 57.16% —
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Fig. 6  Candidate region of BTA11 (95.20–95.37 Mb) in Guyuan cattle with an excess of EAI ancestry. a For the candidate region, the proportions 
of SNPs with |iHS|≥ 2 and EAI ancestry in Guyuan cattle were calculated in 5 kb windows with a 2 kb step, along with the FST values between Guyuan 
and Hanwoo or EAI cattle and the Tajimas’ D values in Guyuan and Hanwoo cattle. b Haplotypes in the candidate regions (major alleles shown 
in orange, minor alleles in blue). c Core SNP of the candidate region in the EHH test. d A SNP in the promoter of the NEK6 gene identified by ATAC_
seq and H3K4me3 ChIP_seq in bovine spleen tissues. e Expression of the NEK6 gene identified by RNA-seq in in bovine tissues highly enriched 
with immune cells
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[15], and Bohai Black [19], Guyuan cattle have the low-
est proportion of EAI ancestry. Guyuan cattle inhabit a 
transitional zone in northwestern China, which may have 
contributed to their unique proportion of EAI ancestry, 
potentially leading to differences in traits such as cold cli-
mate adaptation and disease resistance.

The admixture between taurine and indicine cattle 
has played a pivotal role in shaping the genetic diversity 
of cattle breeds, while simultaneously providing novel 
genetic resources for both human and natural selection. 
Taurine × indicine cattle, commercially referred to as 
composite cattle, have become integral to the global beef 
industry due to their breed complementarity and het-
erosis. However, such admixture is not without cost, as 
genomic incompatibilities can arise, potentially compro-
mising reproductive fitness [7]. Over time, the forces of 
human and natural selection have acted to mitigate these 
challenges by favoring the retention of genomic regions 
enriched with advantageous variations from specific 
ancestries, while purging regions carrying deleterious 
variants. This select has not only alleviated the detrimen-
tal effects of admixture but also optimized the genetic 
architecture and evolutionary potential of these hybrid 
populations.

Selection played a role in shaping the proportions of 
taurine and indicine ancestries in Guyuan cattle. The 
admixture between indicine and taurine cattle is a key fea-
ture in the breed formation of Guyuan cattle. The ances-
try in Guyuan cattle was found to be more skewed toward 
taurine. SLAMF1, CD84 (SLAMF5), SLAMF6, ASIP, 
AHCY, SPAG4, CPNE1, NFS1, RBM12, ROMO1, RBM39, 
and PHF20 were identified as strong selected genes with 
excess EAT ancestry in Guyuan cattle. SLAMF1, CD84 
(SLAMF5), and SLAMF6 in BTA3 (8.96–9.09 Mb) and 
BTA3 (9.16–9.21 Mb) are well-known immune response 
genes that play crucial roles in resistance to Mycoplasma 
infections in cattle [15, 19]. It has been demonstrated that 
SLAMF1, CD84 (SLAMF5), and SLAMF6 synergistically 
regulate humoral immune responses through enhanced 
antibody responses to T-dependent and T-independent 
antigens in mice [48]. This mechanism may contribute to 
the rapid pathogen response in Guyuan cattle. ASIP and 
AHCY in BTA13 (63.58–63.75 Mb) are recognized pig-
mentation genes [9]; the red–brown coloration of Guy-
uan cattle may be associated with SNPs at the ASIP locus 
that cause a darker coat color. SPAG4, CPNE1, NFS1, 
RBM12, ROMO1, RBM39, and PHF20 in BTA13 (64.80–
65.03 Mb) were identified as strong selected genes with 
excess EAT ancestry in Guyuan cattle. Notably, these 
genes also showed a strong association with primal cut 
lean traits in Canadian beef cattle (taurine cattle breeds), 
as revealed by a genome-wide association study (GWAS) 
[23]. Moreover, functional studies highlight their crucial 

roles in muscle development. CPNE1 and RBM12 share 
a common promoter, and CPNE1 regulates myogenesis 
through the PERK-eIF2α pathway mediated by endoplas-
mic reticulum stress [15, 19]. NFS1 acts as a sulfur donor 
interacting with the J-protein HSCB, and its dysfunction 
impairs mitochondrial electron transport chain func-
tion, leading to muscle atrophy [23]. The mitochondrial 
gene ROMO1 is involved in the reprogramming of mus-
cle cells [15]. RBM39 interacts with ZFP106 to regulate 
myogenesis, and its deficiency results in muscle atrophy 
[19]. PHF20 binds to the YY1 promoter which is essen-
tial for myogenic differentiation in vitro and in vivo [23]. 
Therefore, we infer that SNPs in BTA13 (64.80–65.03 
Mb) are associated with muscle development and may 
contribute to the strong climbing ability in Guyuan cat-
tle. disease resistance is a characteristic of indicine cat-
tle. NEK6 in BTA11 (95.20–95.37 Mb) was identified 
as a strong selected gene with excess EAI ancestry in 
Guyuan cattle. NEK6 was associated with disease resist-
ance, including resistance to African trypanosomiasis 
(Nagana) [15], Marek’s disease [15], ciliary dyskinesia 
[19], and tuberculosis [48]. Previous study has shown that 
NEK6 can modulate cell cycle progression and apoptosis 
in immune cells when infected by pathogens [48], which 
could enhance the immune response against pathogens 
in Guyuan cattle. Therefore, SNPs in BTA11 (95.20–95.37 
Mb) may offer advantageous in disease resistance traits.

On the one hand, missense mutations, by altering the 
amino acid sequence of proteins, can enhance or impair 
protein functionality, thereby playing a pivotal role in 
the development of biological traits and adaptive evolu-
tion. The missense mutation, rs136018834 (ATP6V1H; 
BTA14: G21,874,515A; Val279Ile), is within the selection 
signals in Guyuan cattle with excess taurine ancestry. 
The frequency of rs136018834 is significantly different 
between taurine cattle and indicine cattle. Addition-
ally, the spatial structure of ATP6V1H protein from 
bovine brain has been characterized [23]. Using Alpha-
Fold2, we further predicted that this mutation might 
alter the spatial structure of ATP6V1H. Divergent selec-
tion experiments have demonstrated that ATP6V1H is 
associated with feed conversion efficiency in mice [15]. 
Genome-wide association studies have also confirmed 
that ATP6V1H is associated with residual feed intake in 
Angus [15], Japanese Black [19], and Nellore [23] cattle. 
Additionally, ATP6V1H is regarded as an oxidative phos-
phorylation gene, regulating cellular energy metabo-
lism and being closely associated with insulin secretion 
and glucose metabolism [19]. The missense mutation, 
rs136018834 (ATP6V1H; BTA14: G21,874,515A; Val-
279Ile) may potentially affect its function and plays a 
critical role in optimizing feed efficiency traits in Guy-
uan cattle and other taurine cattle breeds.
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On the other hand, SNPs in promoter regions finely 
regulate gene expression patterns, influencing the spa-
tiotemporal specificity of gene function. This provides 
the genetic foundation for shaping the genetic diversity 
and complex traits of species. Cis-regulatory elements, 
especially promoters, of mammalian complex traits 
exhibit strong conservation across species and breeds 
[23, 48]. For the conservation and breeding of Guy-
uan cattle, this study integrated ATAC_seq, H3K4Me3 
ChIP_seq, and RNA-seq data from other cattle breeds 
to identify functional SNPs in the promoter regions 
of the RBM39 and NEK6 genes. Given the functional 
mechanisms of RBM39 and NEK6 genes [19, 48], these 
SNPs in the promoter regions may be associated with 
muscle development and disease resistance in Guyuan 
cattle, respectively.

The identification of these SNPs in missense mutations 
and promoter regions offers insights into the genetic 
basis of complex traits and provides critical theoretical 
support for the conservation and breeding of Guyuan 
cattle as a new genetic resource.

Conclusions
Guyuan cattle were identified as a new genetic resource 
and the admixture between EAT and EAI ancestries. 
They represent an important genetic resource for under-
standing the cattle breeds inhabit a transitional zone 
between semi-arid and semi-humid climate. The selected 
genes with excess EAT ancestry in Guyuan cattle were 
associated with immunity, pigmentation, and muscle 
development. The selected genes with excess EAI ances-
try were associated with disease resistance. Our results 
suggest that the native taurine and indicine ancestries 
in Guyuan cattle offer valuable insights for conservation 
and breeding for their conservation and breeding.

Methods
Ethics statement
The study was approved by the Institutional Animal Care 
and Use Committee of Ningxia University (NXU-A-
2023-162) and adhered to the recommendations of the 
Regulations for the Administration of Affairs Concern-
ing Experimental Animals of China. Specific consent 
procedures were not required for this study according to 
the recommendation of the Regulations for the Admin-
istration of Affairs Concerning Experimental Animals of 
China. All operations and experimental procedures com-
plied with the National Standard of Laboratory Animal 
Guidelines for Ethical Review of Animal Welfare (GB/T 
35892–2018) and the Guide for the Care and Use of Lab-
oratory Animals: Eighth Edition.

Samples and sequencing
We collected blood samples from 39 Guyuan cattle at the 
breeding farm, established by Guyuan Fumin Agricul-
tural Technology Co., Ltd. Genomic DNA was extracted 
by the standard phenol–chloroform method and then 
sent to Shenzhen BGI Genomics Co., Ltd., where whole-
genome resequencing was performed on the DNB-
SEQ-T7 instrument, utilizing the DNBSEQ platform. 
The sequencing was conducted in PE150 mode (150 bp 
paired-end reads), with an average sequencing depth of 
15 × . In accordance with the methodology described by 
Chen et al. [8], we used 165 samples from 20 breeds as a 
control group.

Identification of SNPs
The raw reads were filtered for the clean reads using Fastp 
(v0.20.0) [15] with the parameters “-n 10 -q 20 -u 40”. 
The clean reads were then trimmed using Trimmomatic 
(v0.38) [19] with the parameters “LEADING:20 TRAIL-
ING:20 SLIDINGWINDOW:3:15 AVGQUAL:20 MIN-
LEN:35 TOPHRED33”. The trimmed reads were were 
aligned to the cattle reference genome (ARS-UCD1.2_
Btau5.0.1Y) using BWA-MEM (v0.7.13) [48] with default 
parameters. Duplicates reads were removed using the 
SortSam and MarkDuplicates tools in Picard (v2.20.2) 
(https://​broad​insti​tute.​github.​io/​picard/). Alignment 
rates and average depths for all samples were calculated 
using Qualimap (v2.2) [23]. SNPs for all samples were 
identified using the HaplotypeCaller, GenotypeGVCFs, 
and SelectVariants tools in GATK (v.3.8) [15]. SNPs were 
filtered using the VariantFiltration tools in GATK (v.3.8) 
with the parameters: (1) mean sequencing depth for all 
samples > 1/3 × and < 3 × ; (2) QD < 2; (3) FS > 60.0; (4) 
MQ < 40; (5) MQRankSum < − 12.5; (6) ReadPosRank-
Sum < − 8; (7) SOR > 3.0. Biallelic SNPs for all samples 
were identified and merged using the SelectVariants and 
CatVariants tools in GATK4 (v4.0) [15].

Phylogenetic and population structure
The pairwise genetic distances between SNPs were calcu-
lated using PLINK (v1.90) [19], and the distance matrix 
was then used in MEGA (v11.0) [48] to construct the 
neighbor-joining (NJ) tree. SNP pruning was conducted 
using PLINK (v1.90) with the parameters “–maf 0.05” to 
exclude SNPs with a minor allele frequency below 5%, 
and “–indep-pairwise 50 10 0.1” to pruning SNPs with 
high linkage disequilibrium (r2 > 0.1) within a window 
size of 50 SNPs and a step size of 10 SNPs [8, 9]. Princi-
pal component analysis (PCA) and population structure 
analysis were conducted using the pruned SNPs, with 
PCA performed using the smartPCA package in EIGEN-
SOFT (v5.0) [23] and population structure analysis per-
formed using ADMIXTURE (v1.3.0) [15].

https://broadinstitute.github.io/picard/
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Genomic diversity
The nucleotide diversity (θπ) for each breed was esti-
mated using VCFtools (v0.1.17) [19], with a window size 
of 50 kb and a step size of 20 kb. Breed-specific SNPs 
were identified using PLINK. Linkage disequilibrium 
(LD) between SNPs was calculated using PopLDdecay 
[48]. Runs of homozygosity (ROHs) were identified using 
the “–homozyg” option in PLINK, with the following 
parameters: (1) homozyg-density 200; (2) homozyg-snp 
50; (3) homozyg-window-snp 100; (4) homozyg-kb 100; 
(5) homozyg-gap 1000; (6) homozyg-window-threshold 
0.05; (7) homozyg-window-het 1.

Ancestry inference
Phase and imputation of the raw genotype data were per-
formed using Beagle (v4.1) [23]. The ancestry proportions 
of Guyuan cattle were further validated using Admixtools 
(v8.0.1) [15] and RFmix (v2.03) [19]. The time of admix-
ture in Guyuan cattle was estimated using ALDER [48], 
with a minimum genetic distance (mindis) of 0.5 cM. 
On the basis of the population genetic structure, EAT 
(East Asian taurine) and EAI (East Asian indicine) were 
selected as reference groups. Lengths and proportions 
of ancestry segments were inferred using LOTER [23]. 
KEGG enrichment analysis of genes was conducted using 
KOBAS (http://​kobas.​cbi.​pku.​edu.​cn/).

Detection of missense mutations and analysis of protein 
structure
SNPs were annotated using SNPeff [15] to identify those 
associated with missense mutations. The distributions 
of these SNPs in taurine, indicine, and taurine × indicine 
cattle worldwide were retrieved from the BDGV database 
(http://​animal.​omics.​pro/​code/​index.​php/​BosVar) [19]. 
The protein 3D structure files were downloaded from the 
PDB database (https://​www.​rcsb.​org/). The 3D structure 
of the protein sequence was predicted using AlphaFold2 
[48]. PyMOL was employed to compare the spatial struc-
tures of the mutant and wild-type proteins, with a focus 
on conformational changes in local structures.

Detection of the selection signals
The raw genotype data were merged with the swamp 
buffalo genotype data, followed by phasing and imputa-
tion for iHS. The genotype was polarized using VCF-
byOutgroup.py (https://​github.​com/​kullr​ich/​bio-​scrip​
ts), with the swamp buffalo designated as the outgroup 
to as certain ancestral alleles [9, 23]. iHS was calculated 
using Selscan (v2.0) [85] with the parameter “-f 0.01” 
and the proportion of SNPs with |iHS|≥ 2 was deter-
mined in 50 kb windows with a 20 kb step size. The 

fixation index (FST) was calculated in 50 kb windows 
with a 20 kb step size using VCFtools, and XP-EHH was 
similarly calculated using Selscan. Z tests were con-
ducted for each window. Phased genotype data with a 
minor allele frequency below 0.2 were filtered out, and 
haplotypes of candidate regions were visualized using 
Python’s matplotlib and seaborn libraries. For phased 
genotype data containing ancestral and derived alleles, 
EHH analysis was performed on the candidate regions 
using Rehh [15] to identify core variants and plot the 
EHH curves.

Analysis of ATAC_seq, H3 K4Me3 ChIP‑seq, and RNA‑seq 
data
The ATAC_seq and H3K4Me3 ChIP_seq data were pro-
cessed using the following pipeline: the clean reads were 
aligned to the ARS-UCD1.2_Btau5.0.1Y using Bow-
tie2 (v2.4.5) [19]; adapter sequences were removed with 
Trim Galore (v0.6.10) (https://​github.​com/​Felix​Krueg​er/​
TrimG​alore); the bam files were sorted using SAMtools 
(v1.17) [48], and duplicates were removed with Picard 
(v2.20.2) (https://​broad​insti​tute.​github.​io/​picard); peaks 
were called for each replicate using MACS2 (v2.2.7.1) 
[85]; and biological replicates were merged using IDR 
(v2.0.4.2) [85]. These ATAC_seq and H3K4Me3 ChIP_
seq data were from the NCBI with the Bioproject acces-
sion number PRJNA665194 [23]. RNA-seq data were 
retrieved from the RGD2.0 database (http://​animal.​
omics.​pro/​code/​index.​php/​RGD) [85].
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the FST and XP-EHH values between Guyuan and EAI cattle. Points with 
EAT ancestry significantly higher than the genome-wide levelare marked 
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The candidate regions of BTA3 (8.96-9.09 Mb) and BTA3 (9.16-9.21 Mb) in 
Guyuan cattle with an excess of EAT ancestry. Fig. S6. The comparison of 
protein structures. The blue structure represents the crystal structure of 
the bovine ATP6V1H protein, the yellow structure represents the 3D struc-
ture of the wild-type ATP6V1H protein predicted by AlphaFold2, and the 
red structure represents the 3D structure of the mutant ATP6V1H protein. 
Fig. S7. Distribution of the FST and XP-EHH values between Guyuan and 
Hanwoo cattle, and EAI ancestry proportions in Guyuan cattle, analyzed 
across each 50-kb window with a 20-kb step. Fig. S8. The selection signals 
in Guyuan cattle with an excess of EAI ancestry. The proportion of SNPs 
with |iHS|≥ 2 in Guyuan cattle; the FST and XP-EHH values between 
Guyuan and Hanwoo cattle. Points with EAI ancestry significantly higher 
than the genome-wide levelare marked with larger dots. Dashed lines 
indicate the thresholds of the highest 2% of SNP proportions with |iHS|≥ 
2 in Guyuan cattle and the FST values higher than the genome-wide 
level between Guyuan and Hanwoo cattle.
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in the frequency of missense mutations in Guyuan cattle between the 
group (Guyuan and East Asian taurine cattle) and the group (East Asian 
indicine cattle). Table S3. The significant difference in the frequency of mis-
sense mutations in Guyuan cattle between the group (Guyuan and East 
Asian indicine cattle) and the group (East Asian taurine cattle). Table S4. 
The frequency of two missense mutations in different cattle breeds. 
Table S5. Summary of sequencing data.
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