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Simple Summary: This study focused on the population structure and genetic characteris-
tics of Hunan cattle using whole genomes of 110 individuals from four regions in Hunan.
The results indicated that Hunan cattle have a mixed ancestry of taurine and indicine
cattle, with high genetic diversity. Several candidate genes under selection associated
with desirable traits were identified. Additionally, the study clarified the introgression of
wild cattle into domestic Hunan cattle and highlights functionally relevant introgressed
regions. These findings suggested that Hunan cattle possess unique genetic characteristics,
such as disease resistance, hot environmental adaptability, and high-quality meat; made a
substantial contribution to the development of reasonable breeding strategies and resource
conservation efforts of Hunan indigenous cattle; and laid a foundation for ensuring their
continued contribution to the economy and cultural heritage of the region.

Abstract: Hunan Province, located in Central-South China, has a hot and humid climate,
which has shaped the unique characteristics of its cattle. In this study, we analyzed the
genomic diversity of 110 indigenous Hunan cattle using whole-genome sequencing and
found that they have a mixed ancestry of indicine and taurine. By grouping the cattle based
on their collection regions (western, central, southeastern, and southern Hunan), we used an
unsupervised three-component Gaussian model to classify the runs of homozygosity (ROH)
and calculated the genomic inbreeding coefficient based on runs of homozygosity (FROH)
to assess inbreeding levels. The results showed that western Hunan cattle had the highest
level of hybridization, while southern Hunan cattle had the lowest. Through selective
sweep analysis, we identified candidate genes and pathways related to environmental
adaptation and homeostasis. Notably, the SLC5A2 gene showed strong selection signals
across all four regions and exhibited a distinct haplotype compared to other referenced cattle
breeds. Additionally, we detected introgression from wild species into Hunan domestic
cattle and analyzed their Y-chromosome haplotypes.

Keywords: adaptation; introgression; whole-genome sequencing; Hunan cattle; parental
lineage; ROH classification

1. Introduction
The genus Bos includes Bos javanicus, Bos gaurus, Bos frontalis, Bos sauveli, Bos grunniens,

and Bos taurus. The domestic cattle (Bos taurus) gave rise to two distinct but cross-fertile
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cattle subspecies, taurine cattle (B. t. taurus) and indicine cattle (B. t. indicus). Domestic
cattle in China mainly consist of Bos taurus taurus and Bos taurus indicus, which diverged
around 200,000–300,000 years ago [1]. Archeological evidence suggests that the taurus was
domesticated about 10,000 years ago and was introduced to China primarily through the
Xinjiang region of northern China or the Eurasian steppe. The indicus were domesticated in
the Indus Valley about 8500 years ago. Archeological and genetic studies suggest that, with
human migration, the Chinese indicine may have descended from the Indian indicine cattle
through migration in the southeastern coastal region. Furthermore, some archeological
evidence also shows that other Asian bovine species have introgressions into Chinese cattle,
especially southern Chinese indicine cattle [2]. This introgression has had a significant
impact on their adaptation to the environment [3].

Hunan, located in the central-southern part of China, has a hot and humid climate,
where the primary cattle breed is indicine. The local cattle are highly adaptable to these
unique environmental conditions, demonstrating resilience to rough feed and strong disease
resistance. Many studies have shown their unique characteristics. For instance, cattle from
the Loudi area in central Hunan have been shown to have developed stronger renal
functions to adapt to the humid and hot climate [4]. Cattle sourced from the Xiangxi Cattle
Engineering Technology Center in western Hunan possess superior traits, such as disease
resistance, environmental adaptability, and high-quality meat [5]. The Chaling cattle in
southeastern Hunan are characterized by their ability to adapt to hot environments and
their good meat quality [6]. Meanwhile, cattle in southern Hunan have been proven to have
a pure indicine lineage, along with strong heat resistance and immune response capabilities.
Furthermore, the cattle in this region also presented a distinct introgression from banteng
and gaur, which contributed to the rapid adaptation to the local environment [7].

Having gone through both natural and artificial selection, a notable phenomenon is
that cattle from different regions of Hunan exhibit diverse traits. In this study, we carried
out comprehensive whole-genome sequencing on 110 cattle from four regions in Hunan.
Among them, 93 cattle were sourced from other studies. Since previous research indicated
that cattle from southeastern and western Hunan had a distinct mixed lineage, we added
17 new samples collected from these two areas to further verify this finding. We aimed to
explore the unique genomic characteristics and phylogeographic patterns of the diversity
of Hunan cattle by using the largest Hunan cattle genome dataset available to date. By
exploring the population structure, genomic variation, selective sweeps, and introgression
from other bovine species, we identified the unique adaptive features of indigenous Hunan
cattle. Additionally, we also investigated the paternal lineage of Hunan cattle by comparing
them with the reference genome assembly (ARS-UCD 1.2).

2. Materials and Methods
2.1. Sample Collection and Sequencing

There were 110 cattle collected from southeastern Hunan (n = 20), central Hunan
(n = 36), western Hunan (n = 34) and southern Huan (n = 20) in the Hunan province, China.
Among the 110 cattle, 17 samples were new in this study. We collected their ear tissue
samples and use a standard phenol/chloroform-based protocol to extract the genomic DNA.
We used Illumina NovaSeq 6000 at Novogene Bioinformatics Institute, Beijing, China, to
sequence data with paired-end libraries and had an average read length of 150 bp [8]. Other
Hunan cattle were collected from different projects (Table S1). To more clearly show the
ancestral components of these Hunan cattle, we chose 135 samples from other studies
in different and testified groups. They were Chinese indicine (n = 33), Indian indicine
(n = 26), East Asian taurine (n = 22), Eurasian taurine (n = 25), and European taurine (n = 29)
(Table S1). Finally, a total of 245 samples were used in this study.
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2.2. Sequence Processing and SNP Calling

The first step was qualifying the raw data following the 1000 Bull Genomes Project
Run 8 guideline (http://www.1000bullgenomes.com/ (accessed on 11 November 2023)) to
obtain the standard-compliant data for analyzing. ARS-UCD1.2 was used as the reference
genome to qualify the raw reads data by trimmomatic [9], the clean reads were aligned by
BWA-MEM (v0.7.13-r1126) [10] with default parameters, and potential duplicated reads
were filtered using “MarkDuplicates” in the Picard tools (http://broadinstitute.github.io/
picard (accessed on 3 February 2024)). Then, we used the modules of “HaplotypeCaller”,
“GenotypeGVCFs”, and “SelectVariants” in Genome analysis toolkit 3.8 (GATK) [11] to call
the SNP. The “VariantFiltration” module with hard filtering parameters “QD < 2.0, FS > 60.0,
MQ < 40.0, MQRankSum < −12.5, ReadPosRankSum < −8.0, and SOR > 3.0” was used to
filter the raw SNPs and the mean sequencing depth of variants (all individuals) “<1/3×
and >3×”. The SNPs in different regions were functionally annotated by ANNOVAR [12]
with the annotation file (GCF_002263795.1_ARS-UCD1.2_genomic.gff) of the B. taurus
reference genome.

2.3. Population Genomic Analysis

Plink 1.9 [13] was used to transfer VCF to plink format and calculate the matrix of
pairwise genetic distances. The neighbor-joining (NJ) tree was constructed with the non-
linkage disequilibrium (LD) sites extract by Plink, aligned using MEGA v10.0 [14], and
finally visualized with iTOL (https://itol.embl.de/ (accessed on 10 April 2024)). In addition,
the SNPs in high levels of pairwise linkage disequilibrium (LD) with the parameter (–indep-
pairwise 50 5 0.2) were pruned for principal component analysis (PCA) and ADMIXTURE
analysis. The smartPCA program of ELGENSOFT v5.0 package [15] was used to carry out
the result of PCA. Population structure analysis was performed by ADMIXTURE v1.3 [16]
with the kinship (K) parameter set from 2 to 8 for each possible group number.

2.4. Detection of Genetic Diversity

Including the four regions of Hunan cattle and the reference samples, there were nine
groups of cattle. The smartpca program with EIGENSOFT v.4.2 [15] was used to estimate
the FST between the 9 groups. The nucleotide diversity of each group was investigated by
VCFtools [17], keeping a window size of 50 kb and a step size of 20 kb. PopLDdecay [18]
was used to calculate the physical distance between SNPs with default parameters.

2.5. Extract, Auto-Classify and Analyze ROH Region

Beagle [19] was used to phase the VCF file with the parameter “gprobs = true nit-
erations = 10 nthreads = 48”. The SNPs with a dominance ratio (DR) > 0.9 were ex-
tracted by Python script. Plink was used to extract ROH regions with the parameters
“--homozyg-gap 1000; --homozyg-kb 100; --homozyg-snp 200; --homozyg-window-het
1; --homozyg-window-snp 100; --homozyg-window-threshold 0.05”. Mclust v.3 package
(https://mclust-org.github.io/mclust/ (accessed on 6 August 2024)) in R was used for
unsupervised three-component Gaussian fitting of the ROH length distribution to deter-
mine the specific boundaries of three types of ROH in the 9 groups cattle in this study.
The genomic inbreeding coefficient based on runs of homozygosity (FROH) is defined
as the proportion of the genome covered by runs of homozygosity (ROH) relative to
the total length of the autosomal genome. It is calculated using the following formula:
FROH = L(ROH)/L(Autosomes) where L(ROH) represents the total length of all ROH
detected in a sample and L(Autosomes) denotes the total length of the autosomal genome
covered by the analyzed SNPs [20].

http://www.1000bullgenomes.com/
http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard
https://itol.embl.de/
https://mclust-org.github.io/mclust/
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2.6. Selective Sweep Identification

Both the nucleotide diversity (θπ) and integrated haplotype score (iHS) were applied
to detect the positive signatures in Hunan cattle. θπ is a measure of genetic variation
within a population, which reflects the average number of nucleotide differences per site
between any two randomly chosen DNA sequences. It is often used to identify regions
with reduced diversity that may indicate selective sweeps, and we set a 50 kb sliding
window. Candidate regions were selected by calculating a cutoff value based on the inverse
survival function of a normal distribution, whose values are in the top 1%. On the other
hand, the integrated haplotype score (iHS) detects signals of recent positive selection by
comparing the decay of extended haplotype homozygosity (EHH) around derived and
ancestral alleles. The proportion of SNPs with |iHS| ≥ 2 was calculated by Selscan v2.0 [21]
with nonoverlapping 50 kb windows and 20 kb steps. The top 5% regions were considered
as candidate regions. The overlapped genes on these regions detected in these two methods
were considered as candidate genes.

To better understand the function of these candidate genes, we applied KOBAS 3.0
(http://bioinfo.org/kobas/ (accessed on 3 October 2024)) and selected the p-adjusted < 0.05
pathways in Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO).
We even calculated the FST, Tajima’s D, and nucleotide diversity information of candidate
genes by using VCFtools [17].

2.7. Introgression Analysis

RFMix v2.02 [22] was used to identify introgressed regions of banteng and gaur
in Hunan cattle with D statistics [23]. To avoid the bias, pure indicine cattle, taurine
cattle, banteng, gaur, and other wild cattle species (Table S9) were served as the reference
group with a |Z score| > 3 according to the D statistics. Furthermore, we calculated the
incomplete lineage sorting (ILS) [24]. Here, r is the recombination rate per generation per
base pair (bp) in indicine cattle, m is the length of the introgressed tract, and t represents
the length of other wild species (bangteng and gaur) since divergence [2]. The expected
length of a shared ancestral sequence is L = 1/(r × t) = 206.52 bp. The probability of a
length of at least m is 1-GammaCDF (m, shape = 2, r = 1/L), in which GammaCDF is
the gamma distribution function [3]. We applied the probability of ILS < 0.05 to filter the
results of RFMix, confirming the introgression ratio of four regions in Hunan. Then, we
used U20 Indian indicine, Hunan cattle, Banteng and Gaur (1%, 20%, 100%) to identify highly frequent
introgressed sites with 50 kb windows and 20 kb steps [25]. The execution pattern was as
follows: banteng or gaur had a particular allele at a frequency of 100%, while the frequency
was less than 1% in indicine cattle but greater than 20% in Hunan cattle. We detected the
introgressed segments from banteng and gaur to Hunan cattle, respectively, and overlapped
these introgressed segments to find the overlapped genes. The results of the U20 statistics
were used to determine the functions and complex pathways by using a python script.
The likelihood tree visualized by FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/
(accessed on 25 July 2023)) with the haplotype map showed the regions of differentiation,
and it was used to confirm the results and make the analysis more rigorous [26,27].

2.8. Paternal Analysis

We select the X-degenerate region containing single-copy genes within the male-
specific region of the Btau_5.0.1 Y-chromosome reference sequence (GCF_000003205.7),
involving 44 Hunan cattle and 10 reference individuals (Table S10). After removing het-
erozygous sites and sites with missing genotypes in 10%, the remaining SNPs were ex-
tracted for analysis. Haplogroup trees were constructed from FASTA-formatted sequences
using maximum likelihood (ML) methods.

http://bioinfo.org/kobas/
http://tree.bio.ed.ac.uk/software/figtree/
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3. Results
3.1. Detecting and Classifying the Single Nucleotide Polymorphism (SNP)

The nine groups, which composed of 245 cattle, were selected for genome re-
sequencing analysis (Table S1), representing Indian indicine, Chinese indicine, East Asian
taurine, Eurasian taurine, European taurine [1], and Hunan. These were collected by four
local populations in Hunan province (Figure 1A). A total of 110 cattle in Hunan province
served as the target group in this study, with an average sequence coverage of ~11.28X and
a mapping rate of 99.73%, using ANNOVAR [12] to annotate SNPs: 58.64% were located in
intergenic regions and 38.23% in intronic regions whilst the following were located in the
upstream and downstream regions (1.28%) and UTR regions (1.01%). Only 0.78% of SNPs
are located in the exon regions and they divide into five types with 253,465 synonymous
and 169,360 nonsynonymous (Figure 1E) (Table S2).
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Figure 1. Population genetic analysis of Hunan cattle in comparison to several possible ancestral
breeds. (A) Sample collection map of Hunan cattle in this study. Size of the circle represents the
number of samples. The blue, red, and yellow arrows represent the migration routes of taurine cattle,
indicine cattle, and other wild species in China, respectively. The indicated directions are approxi-
mate [3,8,28]. (B) The neighbor-joining phylogenetic tree of the 245 domesticated cattle. The colors
reflecting different groups of sampling are the same in the PCA. (C) Principal component analysis
(PCA) showing PC1 against PC2. (D) Model-based clustering of cattle breeds using ADMIXTURE
(K = 2, 3, 4). Each vertical bar representing an individual is colored by different ancestral breeds and
labeled with the breed name. (E) Functional classification of the detected SNPs.

Principal component analysis (PCA) showed three cluster of 245 sampling resequenc-
ing data, representing taurine, Indian indicine, and a big cluster of Hunan cattle and
Chinese indicine (Figure 1C). The PC1 explained 10.8% variation and departed B. taurus
from B. indicus. The second PC (PC2) explained 3.01% of the total variation with geographi-
cally separated Chinese indicine and Indian indicine. Hunan cattle as the target group were
classified into Chinese indicine. To further explore the genetic relationships among the
target group and other several possible ancestral breeds, we used a 245 × 3,422,976 counts
matrix to construct the phylogenetic tree using the neighbor-joining way (Figure 1B) and
analysis by ADMIXTURE. The cattle breeds separate into Bos taurus and Bos indicus ancestry
(K = 2), where the Chinese indicine and Indian indicine depart (K = 3), and when K = 4 with
the least CV error Hunan cattle exhibit a mixture of up to four ancestral lineages. At the
same time, the East Asian taurine separated from other taurine. From the structure result,
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the cattle of four regions all had a mixed lineage of taurine and indicine, and the southeast-
ern and the southern Hunan cattle had a purer lineage of Chinese indicine compared with
other two regions (Figure 1D).

3.2. Detecting, Classifying and Genomic Variation Analysis of the SNPs

Past demographic reconstruction using SMC++ [29] indicated the changes in effective
population size (Ne) in four Hunan regions. Western and southern Hunan have a similar
effective population size pattern, which was relatively stable in the Second Pleistocene glacial
period, gradually declined in the last glacial medium, and increased in the Early Holocene
optimum. Central Hunan only had a gradual decline in the last glacial medium while
southeastern Hunan had a decline in the Early Holocene optimum (Figure 2A) [1,8]. Genetic
distance measurements among these group were assessed using an FST matrix, revealing
variability ranging from 0.007 to 0.405. There is a close distance within Hunan cattle, whilst
Hunan cattle show subtle differences with Chinese indicine and more differences with
Indian indicine, and show notably higher genetic differentiation from Bos taurus (Figure 2B).
The nucleotide diversity analysis of these cattle breeds revealed that Bos indicus has a higher
average nucleotide diversity, especially in Chinese indicine (3.61 × 10−3) and Hunan cattle,
respectively, in the southern Hunan (3.36 × 10−3), the western Hunan (3.36 × 10−3), the
southeastern Hunan (3.50 × 10−3) and the central Hunan (3.56 × 10−3), whilst Indian
indicine (2.71 × 10−3) are lower than them but are higher than taurine. Among all taurine,
European cattle is the lowest one (1.19 × 10−3), while Eurasian taurine (1.22 × 10−3) and
East Asian taurine (1.23 × 10−3) are higher (Figure 2C). The LD plot showed Bos indicus
has a faster decay compared with Bos taurus when the physical distance of SNP is less
than 10 KB. The samples in central and western regions have a faster decay than the purer
samples in the southern and southeastern regions of Hunan (Figure 2D).
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average LD decay is estimated from each group.
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3.3. Run of Homozygosity (ROH) Classification, Calculation, and Inbreeding

The analysis of run of homozygosity (ROH) can reveal the different inbreeding co-
efficients of different groups. Unsupervised three-component Gaussian fitting can auto
sort the length of ROH into short, medium and long level, and different groups had their
unique threshold value (Tables S3 and S4). We calculated the total length of nine groups at
each level and counted the number of ROHs on three levels. Although the number of ROH
in different groups may be affected by the amount of samples, the length of three levels
is proportional to the number (Figure S1). The Bos taurus both have higher cumulative
length in three levels, especially compared with the European taurine. Among the four
regions in Hunan, the southern Hunan has the highest cumulative length, followed by
the southeastern Hunan, the central Hunan, and the western Hunan which is the least
(Figure 3A–C). To explore the correlation between short ROHs and medium ROHs, as well
as short ROHs and long ROHs across all groups, the results showed that short ROHs were
more strongly correlated with medium ROHs but had weaker correlations with long ROHs
(Figures 3D and S2). Finally, we used the length of ROH segments to calculate inbreeding
coefficients of each group. Among the four Hunan groups, the southern Hunan had the
highest inbreeding coefficient while the western Hunan had the lowest (Figure 3E).
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3.4. Selection Signatures in Hunan Cattle

The four regions in Hunan consist of a characteristic group. To find out the spe-
cial functional gene in this group, we applied the integrated haplotypes score (iHS) and
nucleotide diversity analysis (θπ) methods. A total of 1669 (iHS) and 2044 (θπ) genes
with selection signatures in Hunan cattle were found, 243 genes were overlapped in
these two methods (Tables S5–S7), and 49 of these were identified as candidate genes
(Figures 4A,B and S3). These candidate genes were related to reproductive function (BOLL,
CYP19A1, DLX3, HCK, MYBL1, FLT1), immune response (CD52, ENO3, GNAI2, HYAL2,
IFITM3, IGFBP3), meat quality (DNMT3A, MYBPC1, NROB2, PAX6, IRS1), hot shock
(DNAJC1, HSF1), the balance of ionic concentrations (EHD1, SLC25A11, SLC5A2, SLC9A1),
and others (Table S7). The enrichment results also showed that the genes were enriched in
immune responses (GO:0046677), UV-B response (GO:0071493, GO:0030214), and cartilage
development (GO:0051216) (Table S8, Figure S4). Among these candidate genes, SLC5A2
showed a stronger signature in Hunan cattle, which was proved in Tajima’s D. Although
there was a lower FST value between indicine and Hunan cattle, the haplotype patterns
were different in these two groups (Figure 4C,D).
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is represented in blue and high intensity in red. The purple markers indicate the locations of the
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patterns were plotted by heatmap. The dark blue represents taurine, dark red represents indicine,
and brown represents Hunan cattle.
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3.5. The Introgressed Events Form Other Wild Species

We calculate the introgression from five wild species (banteng, gaur, yak, wisent,
bison) into Hunan cattle, using D-statistics to confirm it. Compared with the Indian in-
dicine, the wild species had more shared segments with Hunan cattle, with a |Z-score| > 3,
and banteng and gaur had the most shared segments with Hunan cattle (Figure 5A)
(Table S11). The U20 shared segments from banteng and gaur were in different chromosome
regions, and a lot of these segments are overlap introgressive segments (Figure 5B). Using
a p < 0.05 cutoff for the frequencies of introgression alleles in the Hunan cattle genomes
(U20 Indian indicine, Hunan cattle, Banteng and Gaur (1%, 20%, 100%)), 1060 candidate genes were
shortlisted and enriched in KEGG pathways and GO terms, which were associated with im-
munity, cell growth, hydro-salinity balance, and adaptability to the environment (Figure 5C)
(Table S12). We found a region on the Bos taurus autosome (BTA) 6 (70.14 Mb–70.22 Mb)
which represents obvious introgressions from the wild species into Hunan cattle, which
contained a part of the KIT gene (BTA6:70166692-70254049). To further understand if this
region is from introgression with wild species or not, we constructed a likelihood tree and
haplotype pattern heatmap (Figure 5D,E).
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Figure 5. Genome-wide introgression from wild Bos species into Hunan domestic cattle. (A) Alle
sharing of f4 pop (Indian indicine, Hunan cattle, wild, buffalo) between Hunan cattle and wild
species. The circle represents |Z-score|. (B) Map of introgressive segments from banteng and gaur in
Hunan cattle, the blue lines represent the segments from banteng, yellow lines represent gaur, and red
lines represent the overlap segments from these two species. (C) The KEGG and GO pathways from
the genes on the overlap segments from banteng and gaur into Hunan cattle. (D) Phylogenetic trees
were constructed using the haplotype sequences of BTA6: 70.14 Mb–70.22 Mb region. (E) Haplotype
patterns were built by SNPs in the region of BTA6: 70.14 Mb–70.22 Mb region. Color of the blank
represents different populations.

3.6. Parental Analysis

The results of Y-chromosome haplotypes of the 44 male cattle revealed the division
of Hunan domestic cattle into two major parental lineages, Y3A3 and Y3B2, which are
two indicine cattle sub-haplotypes. Moreover, the central Hunan group has one individual
related to the taurine cattle haplotype (Y1 haplotype) while the other three groups have one
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individual related to another taurine cattle haplotype, respectively (Y2A sub-haplotype)
(Figure 6). The specific distributions were as follows: western Hunan region (n = 15),
one bull with Y1 haplotype, seven bulls with the Y3B2 sub-haplotype, and seven bulls
with the Y3A3 sub-haplotype; central Hunan region (n = 7), one bull with the Y2A sub-
haplotype, two bulls with the Y3A3 sub-haplotype, and four bulls with the Y3B2 sub-
haplotype; southeastern Hunan region (n = 9), one bull with the Y2A sub-haplotype, and
eight bulls with the Y3A3 sub-haplotype; southern region (n = 13), one bull with the Y2A
sub-haplotype, and twelve bulls with the Y3A3 sub-haplotype (Table S10) [3].
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4. Discussion
In the context of global climate change and animal breeding, natural selection and

human-made selection play a crucial role. As the climate changes, specific environmental
pressures emerge. Under these circumstances, within a population of animals certain
genetic variations that are beneficial for survival and reproduction in the new environmental
conditions start to come into play. These adaptive traits then confer a selective advantage
to the individuals possessing them, allowing them to better thrive in their respective
environments. As a southern province in China, previous studies reveal an interesting
phenomenon that different regions of Hunan exhibit various traits, indicating that they
may be located in a hybrid area of Chinese indicine cattle and taurine cattle. However,
these scattered studies cannot reflect the shared selective characteristics of Hunan cattle.
Different from previous studies, we collected the largest genomic dataset available at
present to explore the unique genetic patterns of Hunan indigenous cattle. Based on
autosomal genome-wide analyses, we first highlighted the taurine × indicine admixture
characteristics of Hunan cattle, and that Chinese indicine is the dominant ancestry of
Hunan cattle. The genetic distribution patterns among 110 local cattle in four regions of
Hunan showed a gradual decrease in indicine ancestry from south to north and a distinct
decrease in taurine ancestry from north to south. In terms of parental lineage, the cattle of
four regions all have a purer indicine origin, with Y3 haplotype. However, there are some
individuals contain a large proportion of components of European taurine cattle, which are
the result of the blind over-introduction of local people, which will seriously lead to the
loss of local cattle characteristics.

Long runs of homozygosity (ROHs) arise when identical haplotypes are inherited
from each parent and thus a long tract of genotypes is homozygous. The number and
length of an ROH provides insight into an individual demographic history. In the result
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of our study, the western Hunan cattle, which have the highest degree of hybridization,
have the fewest ROHs and a higher proportion of short ROHs, while the southern Hunan
cattle, with the lowest degree of hybridization, have the longest ROHs. The result of FROH
showed a similar result that the western Hunan cattle have the lowest level of inbreeding,
while the southern Hunan cattle have the lowest [20,29]. This congruence between the two
sets of results strongly indicates that the ROH classification using the unsupervised three-
component Gaussian fitting in this study tends to be a scientific method. This scientific
categorization not only helps in better understanding the genetic background of these
cattle but also provides valuable guidance for future livestock breeding strategies and
conservation efforts in the region.

Under natural selection, certain beneficial genetic variations may gradually accumulate
within a population, leading to adaptive traits that provide individuals with a selective
advantage in specific environments. After selective scanning to determine whether Hunan
cattle inherited adaptive advantages of ancestral populations under selection pressure, a
series of candidate regions were identified in Hunan cattle, including genes related to heat
tolerance, immune response, and meat quality. We finally identified the SLC5A2 gene with
a unique haplotype expression pattern in Hunan cattle, which may play a role in optimizing
metabolism, maintaining kidney function, enhancing disease resistance, and adapting to
the hot and humid environment by regulating glucose metabolism and ion balance [30,31].
This result can provide a reliable theoretical basis for the strong environmental adaptability
of Hunan local cattle, enabling breeders to gain a deeper understanding of the genetic traits
of local cattle and potentially use this knowledge in breeding programs.

Furthermore, increasing evidence suggests that gene flow occurred in the past between
domestic and wild cattle in East and Southeast Asia, including banteng, gaur, yak, wisent,
and bison. Migration patterns and climatic factors have played a role in the introgres-
sion of indicine cattle with wild species such as gaur and banteng, contributing to their
domestication. At the same time, regional species like banteng and gaur have enriched
the genetic diversity of domestic indicine cattle, improving their adaptability to different
environments [3,8]. In previous studies, only the introgression tract of cattle in the southern
area was calculated [7]. However, due to their purer indicine lineage, these cattle could not
represent all the cattle in Hunan province. So, we used this dataset to identify the shared
introgression areas in indigenous Hunan cattle. This study confirms that introgression
events have significantly enhanced the genetic diversity of indigenous Hunan cattle. Ac-
cording to the result of D-statistics, we found several regions that have been introgressed
from banteng and gaur into Hunan domestic cattle, which may contribute to their adaption
ability to the humid area and subsequent rapid dispersal. Moreover, after analyzing by U20
statistics, the KEGG and GO enrichment results of the candidate genes shared by banteng
and gaur revealed that there was distinct introgression from these two species to Hunan
domestic cattle on immune system, hydro-salinity balance, and environmental adaption.

We also found several introgressed regions. One of these regions contains a KIT
gene associated with immunity on BTA 6 (70.14 Mb–70.22 Mb), which showed a similar
haplotype with the wild species and is a typical introgressed gene in cattle. Furthermore,
the region on BTA 12 (73.14 Mb–73.20 Mb) contains a harbored DNAJC3 gene relevant to
heat stress, which encodes a protein that belongs to the heat-shock protein 40 (HSP 40)
family [32]. We also found a large region on BTA 13 (51.45 Mb–53.97 Mb) which contains
the HSPA12B gene belonging to the HSP70 family and the DNAJC5 gene belonging to
the HSP40 family [33]. These regions related to heat shock may prove the contribution
from banteng and gaur to the adaptation ability of Hunan domestic cattle related to heat.
Additionally, we found keratin associated proteins on BTA1 (5.57 Mb–5.67 Mb), which
are KRTAP13-2 and KRTAP27-1, and the KRTAP family was identified as being unique to
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mammals and associated with the development of hair content characteristics [34]. By
analyzing these additional wild samples, we can precisely assess the contribution of other
Asian bovine species to the environmental adaptation of Chinese indicine cattle. Such
knowledge has practical applications in cattle breeding and conservation. And it is crucial
for creating more effective strategies to protect the valuable genetic resources that are
related to environmental adaptation in these cattle species.

5. Conclusions
In this study, we provide a theoretical basis by integrating genome analysis and

archeological analysis. Results from both autosomal and sex-chromosome genome analyses
indicate that the cattle in Hunan province are located in the hybrid area of Chinese indicine
cattle and taurine cattle. Moreover, we identified many candidate genes with different
functions through genome scanning, which enables breeders to better understand and
utilize the genetic traits of indigenous Hunan cattle. Furthermore, we verified that there
was distinct introgression from wild species to Hunan domestic cattle in the immune
system, hydro-salinity balance, and environmental adaption. Our findings have made a
substantial contribution to the development of reasonable breeding strategies and resource
conservation efforts of Hunan indigenous cattle and lay a foundation of ensuring their
continued contribution to the economy and cultural heritage of the region. However,
the study has limitations, including the need for more comprehensive integration with
multi-omics data and the lack of further validation of the candidate genes we identified.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani15091287/s1.

Author Contributions: Y.L., C.L. and K.Y. conceived and designed the experiments. Y.L. and J.L.
performed the statistical analysis. H.D., A.S., R.H. and B.H. contributed to the sample collections.
Y.L., S.G. and B.Z. drafted the manuscript. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Agriculture Research System of Herbivore in Hunan
Province of China, the Furong plan in Hunan Province of China (2024) supported by Kangle Yi,
the Program of National Beef Cattle and Yak Industrial Technology System (Grant No. CARS-37)
supported by Chuzhao Lei, and the Yunnan Expert Workstations (202305AF150156) supported by
Bizhi Huang.

Institutional Review Board Statement: The experimental procedures were approved by the Experi-
mental Animal Management Committee (EAMC) of Northwest A&F University (2011-31,101,684) and
complied with the National Standard of Laboratory Animals Guidelines for Ethical Review of Animal
Welfare (GB/T 35892−2018) and Guide for the Care and Use of Laboratory Animals: Eighth edition.

Informed Consent Statement: Not applicable.

Data Availability Statement: All raw sequencing data have been submitted to the NCBI SRA under
the BioProject accession number PRJNA1240382.

Acknowledgments: We thank the high-performance computing (HPC) Center of Northwest A&F.
University (NWAFU).

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

SNP Single nucleotide polymorphism
WGS Whole-genome sequencing

https://www.mdpi.com/article/10.3390/ani15091287/s1
https://www.mdpi.com/article/10.3390/ani15091287/s1


Animals 2025, 15, 1287 13 of 14

KEGG Kyoto Encyclopedia of Genes and Genomes
GO Gene Ontology
NJ Neighbor-joining
ML Maximum Likelihood
ROH Runs of homozygosity
FROH Genomic inbreeding coefficient based on Runs of Homozygosity
LD Linkage disequilibrium
PCA Principle component analysis

References
1. Achilli, A.; Olivieri, A.; Pellecchia, M.; Uboldi, C.; Colli, L.; Al-Zahery, N.; Accetturo, M.; Pala, M.; Kashani, B.H.; Perego, U.A.;

et al. Mitochondrial genomes of extinct aurochs survive in domestic cattle. Curr. Biol. 2008, 18, R157–R158. [CrossRef] [PubMed]
2. Wu, D.-D.; Ding, X.-D.; Wang, S.; Wójcik, J.M.; Zhang, Y.; Tokarska, M.; Li, Y.; Wang, M.-S.; Faruque, O.; Nielsen, R.; et al.

Pervasive introgression facilitated domestication and adaptation in the Bos species complex. Nat. Ecol. Evol. 2018, 2, 1139–1145.
[CrossRef]

3. Chen, N.; Xia, X.; Hanif, Q.; Zhang, F.; Dang, R.; Huang, B.; Lyu, Y.; Luo, X.; Zhang, H.; Yan, H.; et al. Global genetic diversity,
introgression, and evolutionary adaptation of indicine cattle revealed by whole genome sequencing. Nat. Commun. 2023, 14, 7803.
[CrossRef] [PubMed]

4. Jin, L.; Zhang, B.; Luo, J.; Li, J.; Liang, J.; Wu, W.; Xie, Y.; Li, F.; Lei, C.; Yi, K. Genomics, Origin and Selection Signals of Loudi
Cattle in Central Hunan. Biology 2022, 11, 1775. [CrossRef]

5. Luo, X.; Li, J.; Xiao, C.; Sun, L.; Xiang, W.; Chen, N.; Lei, C.; Lei, H.; Long, Y.; Long, T.; et al. Whole-Genome Resequencing of
Xiangxi Cattle Identifies Genomic Diversity and Selection Signatures. Front. Genet. 2022, 13, 816379. [CrossRef] [PubMed]

6. Li, S.; Lei, H.; Li, J.; Sun, A.; Ahmed, Z.; Duan, H.; Chen, L.; Zhang, B.; Lei, C.; Yi, K. Analysis of genetic diversity and selection
signals in Chaling cattle of southern China using whole-genome scan. Anim. Genet. 2023, 54, 284–294. [CrossRef]

7. Yan, H.; Li, J.; Zhang, K.; Duan, H.; Sun, A.; Zhang, B.; Li, F.; Chen, N.; Lei, C.; Yi, K. Local Ancestry and Adaptive Introgression
in Xiangnan Cattle. Biology 2024, 13, 1000. [CrossRef]

8. Chen, N.; Cai, Y.; Chen, Q.; Li, R.; Wang, K.; Huang, Y.; Hu, S.; Huang, S.; Zhang, H.; Zheng, Z.; et al. Whole-genome resequencing
reveals world-wide ancestry and adaptive introgression events of domesticated cattle in East Asia. Nat. Commun. 2018, 9, 2337.
[CrossRef]

9. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef]

10. Houtgast, E.J.; Sima, V.M.; Bertels, K.; Al-Ars, Z. Hardware acceleration of BWA-MEM genomic short read mapping for longer
read lengths. Compu. Biol. Chem. 2018, 75, 54–64. [CrossRef]

11. Anton, N.; James, T. Next-generation sequencing data interpretation: Enhancing reproducibility and accessibility. Nat. Rev. Genet.
2012, 13, 667–672.

12. Wang, K.; Li, M.; Hakonarson, H. ANNOVAR: Functional annotation of genetic variants from high-throughput sequencing data.
Nucleic Acids Res. 2010, 38, e164. [CrossRef]

13. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I.W.; Daly, M.J.;
et al. PLINK: A Tool Set for Whole-Genome Association and Population-Based Linkage Analyses. Am. J. Hum. Genet. 2007, 81,
559–575. [CrossRef]

14. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef] [PubMed]

15. Patterson, N.; Price, A.L.; Reich, D. Population structure and eigenanalysis. PLoS Genet. 2006, 2, e190. [CrossRef]
16. Alexander, D.H.; Lange, K. Enhancements to the ADMIXTURE algorithm for individual ancestry estimation. BMC Bioinf. 2011,

12, 246. [CrossRef] [PubMed]
17. Danecek, P.; Auton, A.; Abecasis, G.; Albers, C.A.; Banks, E.; DePristo, M.A.; Handsaker, R.E.; Lunter, G.; Marth, G.T.; Sherry, S.T.;

et al. The variant call format and VCFtools. Bioinformatics 2011, 27, 2156–2158. [CrossRef]
18. Zhang, C.; Dong, S.-S.; Xu, J.-Y.; He, W.-M.; Yang, T.-L. PopLDdecay: A fast and effective tool for linkage disequilibrium decay

analysis based on variant call format files. Bioinformatics 2019, 35, 1786–1788. [CrossRef]
19. Browning, S.R.; Browning, B.L. Rapid and Accurate Haplotype Phasing and Missing-Data Inference for Whole-Genome Associa-

tion Studies by Use of Localized Haplotype Clustering. Am. J. Hum. Genet. 2007, 81, 1084–1097. [CrossRef]
20. McQuillan, R.; Leutenegger, A.-L.; Abdel-Rahman, R.; Franklin, C.S.; Pericic, M.; Barac-Lauc, L.; Smolej-Narancic, N.; Janicijevic,

B.; Polasek, O.; Tenesa, A.; et al. Runs of homozygosity in European populations. Am. J. Hum. Genet. 2008, 83, 359–372. [CrossRef]

https://doi.org/10.1016/j.cub.2008.01.019
https://www.ncbi.nlm.nih.gov/pubmed/18302915
https://doi.org/10.1038/s41559-018-0562-y
https://doi.org/10.1038/s41467-023-43626-z
https://www.ncbi.nlm.nih.gov/pubmed/38016956
https://doi.org/10.3390/biology11121775
https://doi.org/10.3389/fgene.2022.816379
https://www.ncbi.nlm.nih.gov/pubmed/35711927
https://doi.org/10.1111/age.13305
https://doi.org/10.3390/biology13121000
https://doi.org/10.1038/s41467-018-04737-0
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1016/j.compbiolchem.2018.03.024
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1086/519795
https://doi.org/10.1093/molbev/msy096
https://www.ncbi.nlm.nih.gov/pubmed/29722887
https://doi.org/10.1371/journal.pgen.0020190
https://doi.org/10.1186/1471-2105-12-246
https://www.ncbi.nlm.nih.gov/pubmed/21682921
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/bioinformatics/bty875
https://doi.org/10.1086/521987
https://doi.org/10.1016/j.ajhg.2008.08.007


Animals 2025, 15, 1287 14 of 14

21. Szpiech, Z.A.; Hernandez, R.D. selscan: An efficient multithreaded program to perform EHH-based scans for positive selection.
Mol. Biol. Evol. 2014, 31, 2824–2827. [CrossRef] [PubMed]

22. Maples, B.K.; Gravel, S.; Kenny, E.E.; Bustamante, C.D. RFMix: A Discriminative Modeling Approach for Rapid and Robust
Local-Ancestry Inference. Am. J. Hum. Genet. 2013, 93, 278–288. [CrossRef]

23. Milan, M.; Michael, M.; Hannes, S. Dsuite-fast D-statistics and related admixture evidence from VCF files. Mole. Ecol. Resour.
2020, 21, 584–595.

24. Huerta-Sanchez, E.; Jin, X.; Asan; Bianba, Z.; Peter, B.M.; Vinckenbosch, N.; Liang, Y.; Yi, X.; He, M.; Somel, M.; et al. Altitude
adaptation in Tibetans caused by introgression of Denisovan-like DNA. Nature 2014, 512, 194–197. [CrossRef]

25. Lyu, Y.; Wang, F.; Cheng, H.; Han, J.; Dang, R.; Xia, X.; Wang, H.; Zhong, J.; Lenstra, J.A.; Zhang, H.; et al. Recent selection and
introgression facilitated high-altitude adaptation in cattle. Sci. Bull. 2024, 69, 3415–3424. [CrossRef]

26. Racimo, F.; Marnetto, D.; Huerta-Sanchez, E. Signatures of Archaic Adaptive Introgression in Present-Day Human Populations.
Mol. Biol. Evol. 2017, 34, 296–317. [CrossRef] [PubMed]

27. Zhang, K.; Lenstra, J.A.; Zhang, S.; Liu, W.; Liu, J. Evolution and domestication of the Bovini species. Anim. Genet. 2020, 51,
637–657. [CrossRef]

28. Terhorst, J.; Kamm, J.A.; Song, Y.S. Robust and scalable inference of population history from hundreds of unphased whole
genomes. Nat. Genet. 2017, 49, 303–309. [CrossRef]

29. Ceballos, F.C.; Joshi, P.K.; Clark, D.W.; Ramsay, M.; Wilson, J.F. Runs of homozygosity: Windows into population history and trait
architecture. Nat. Rev. Genet. 2018, 19, 220–234. [CrossRef]

30. Santer, R.; Kinner, M.; Lassen, C.L.; Schneppenheim, R.; Eggert, P.; Bald, M.; Brodehl, J.; Daschner, M.; Ehrich, J.H.; Kemper, M.;
et al. Molecular analysis of the SGLT2 gene in patients with renal glucosuria. J. Am. Soc. Nephrol. 2003, 14, 2873–2882. [CrossRef]

31. Zhao, F.Q.; McFadden, T.; Wall, E.; Dong, B.; Zheng, Y.-C. Cloning and expression of bovine sodium/glucose cotransporter SGLT2.
J. Dairy. Sci. 2005, 88, 2738–2748. [CrossRef] [PubMed]

32. Melville, M.W.; Tan, S.L.; Wambach, M.; Song, J.; Morimoto, R.I.; Katze, M.G. The cellular inhibitor of the PKR protein kinase,
P58(IPK), is an influenza virus-activated co-chaperone that modulates heat shock protein 70 activity. J. Biol. Chem. 1999, 274,
3797–3803. [CrossRef] [PubMed]

33. Han, Z.; Truong, Q.A.; Park, S.; Breslow, J.L. Two Hsp70 family members expressed in atherosclerotic lesions. Proc. Natl. Acad. Sci.
USA 2003, 100, 1256–1261. [CrossRef]

34. Khan, I.; Maldonado, E.; Vasconcelos, V.; O’brien, S.J.; E Johnson, W.; Antunes, A. Mammalian keratin associated proteins
(KRTAPs) subgenomes: Disentangling hair diversity and adaptation to terrestrial and aquatic environments. BMC Genom. 2014,
15, 779. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/molbev/msu211
https://www.ncbi.nlm.nih.gov/pubmed/25015648
https://doi.org/10.1016/j.ajhg.2013.06.020
https://doi.org/10.1038/nature13408
https://doi.org/10.1016/j.scib.2024.05.030
https://doi.org/10.1093/molbev/msw216
https://www.ncbi.nlm.nih.gov/pubmed/27756828
https://doi.org/10.1111/age.12974
https://doi.org/10.1038/ng.3748
https://doi.org/10.1038/nrg.2017.109
https://doi.org/10.1097/01.ASN.0000092790.89332.D2
https://doi.org/10.3168/jds.S0022-0302(05)72953-2
https://www.ncbi.nlm.nih.gov/pubmed/16027187
https://doi.org/10.1074/jbc.274.6.3797
https://www.ncbi.nlm.nih.gov/pubmed/9920933
https://doi.org/10.1073/pnas.252764399
https://doi.org/10.1186/1471-2164-15-779

	Introduction 
	Materials and Methods 
	Sample Collection and Sequencing 
	Sequence Processing and SNP Calling 
	Population Genomic Analysis 
	Detection of Genetic Diversity 
	Extract, Auto-Classify and Analyze ROH Region 
	Selective Sweep Identification 
	Introgression Analysis 
	Paternal Analysis 

	Results 
	Detecting and Classifying the Single Nucleotide Polymorphism (SNP) 
	Detecting, Classifying and Genomic Variation Analysis of the SNPs 
	Run of Homozygosity (ROH) Classification, Calculation, and Inbreeding 
	Selection Signatures in Hunan Cattle 
	The Introgressed Events Form Other Wild Species 
	Parental Analysis 

	Discussion 
	Conclusions 
	References

