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Abstract 

Background Cross breeding is an important way to improve livestock performance. As an important livestock and 
poultry resource in Henan Province of China, Bohuai goat was formed by crossing Boer goat and Huai goat. After 
more than 20 years of breeding, BoHuai goats showed many advantages, such as fast growth, good reproductive 
performance, and high meat yield. In order to better develop and protect Bohuai goats, we sequenced the whole 
genomes of 30 BoHuai goats and 5 Huai goats to analyze the genetic diversity, population structure and genomic 
regions under selection of BoHuai goat. Furthermore, we used 126 published genomes of world-wide goat to charac-
terize the genomic variation of BoHuai goat.

Results The results showed that the nucleotide diversity of BoHuai goats was lower and the degree of linkage 
imbalance was higher than that of other breeds. The analysis of population structure showed that BoHuai goats have 
obvious differences from other goat breeds. In addition, the BoHuai goat is more closely related to the Boer goat than 
the Huai goat and is highly similar to the Boer goat. Group by selection signal in the BoHuai goat study, we found that 
one region on chromosome 7 shows a very strong selection signal, which suggests that it could well be the segment 
region under the intense artificial selection results. Through selective sweeps, we detected some genes related to 
important traits such as lipid metabolism (LDLR, STAR , ANGPTL8), fertility (STAR ), and disease resistance (CD274, DHPS, 
PDCD1LG2).

Conclusion In this paper, we elucidated the genomic variation, ancestry composition, and selective signals related to 
important economic traits in BoHuai goats. Our studies on the genome of BoHuai goats will not only help to under-
stand the characteristics of the crossbred but also provide a basis for the improvement of cross-breeding programs.
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Introduction
Goats were one of the first domesticated domestic ani-
mals and the most adaptable and geographically wide-
spread of domestic animals [1]. Compared with cattle, 
only 10% of mtDNA variation in goat breeds is spread 
across continents (Europe/ Africa/Asia/Middle and Near 
East), compared with more than 50% in cattle [2]. This 
weak structure suggests that goats experienced exten-
sive intercontinental gene flow, suggesting their impor-
tance in human history for migration and commerce. At 
present, most scholars believe that the direct ancestral 
group of the present domestic goat is the bezoar (Capra 
aegagrus), and it spread after domestication in the Mid-
dle East centers [3–5]. According to the genome-wide 
analysis of domestic goats, domestic goats worldwide can 
be divided into four continental groups: EUR (European) 
、AFR (African) 、SWA-SAS (Southwest Asian), and 
EAS (East Asian) [6]. Based on whole-genome sequenc-
ing, many studies have focused on economic traits related 
to goat genetics and production performance, such as lit-
ter size traits, heat resistance, and disease resistance [7, 
8]. These findings demonstrate the potential of genomes 
in goats that are important for agricultural development, 
which in turn can be used in the selection of goat breeds 
for adaptation to the environment and domestication 
[9]. The mining of these good genes could lead to better 
genetic breeding strategies to improve the adaptability 
and productivity of goats [10, 11].

The most comprehensive collection of individual 
genetic variation is provided by whole-genome sequenc-
ing, which can be used to study population structure and 
identify polymorphisms that could influence livestock’s 
economic attributes [12]. WGS provides a better insight 
into genetic diversity and genomic footprints under posi-
tive selection [13]. The boer goat is a famous mutton 
breed, its fecundity, disease resistance and genetic sta-
bility are higher than other breeds [14]. Therefore, Boer 
goat has been introduced into many countries to improve 
local goat breeds [15]. In Shenqiu County, Henan, China, 
a new breed named Bohuai goat was developed by cross-
ing the introduced Boer goat with the local Huai goat. 
Cross-cross fixation was performed after undergoing 
three generations of progressive hybridization. After 
more than 20 years of cross improvement, it’s superior to 
the male parent and the female parent in terms of meat 
production rate, reproduction rate and meat quality. 
BoHuai goat’s performance in all aspects has been greatly 
improved. Most previous studies have focused on the 
meat performance of the BoHuai goat [16, 17]. There has 
been very little research on the genome of the BoHuai 
goat. In this study, we used whole genome sequencing 
to to identify important genes in BoHuai goats, as well 
as an in-depth understanding of the genetic structure of 

BoHuai goats is crucial for improving future breeding of 
Bohuai goats.

To achieve this goal, we sequenced the full genomes of 
5 Huai goats and 30 BoHuai goats, combining data from 
126 published goats from around the world to detect 
genetic variation, population structure, and selective 
scanning. Our results will lay a foundation for further 
studies on the genetic basis of important economic traits 
and provide ideas and basis for future improvement in 
BoHuai goats.

Results
Sequencing and variants detection
A total of 4,810,042,888 reads were generated after 
genome sequencing from 30 BoHuai goats, with an aver-
age depth of 8.16X (Table S1). To place BoHuai goat into 
a global context, we also analyzed the genomes of other 
goat populations worldwide. The other populations 
(Table S2) include European goat, African goat, Mid-
dle East goat, different goat breeds in north and south 
China, and Boer goat and Huai goat. All of the clean 
reads were aligned to the Capra hircus reference genome 
(ARS1) using Sentieon [18] software. SNP analysis was 
performed using GATK. We identified 14,847,751 bial-
lelic SNPs in 30 BoHuai goat. Of these SNPs, functional 
annotation of polymorphic loci showed that the major-
ity of SNPs existed in the intergenic region (59.6%) or 
exonic region (37.4%). Exons accounted for 0.77% of the 
total SNPs, including 71,193 non-synonymous SNPs and 
99,811 synonymous SNPs (Table S3).

The total number of single nucleotide polymor-
phisms detected varied from 14 to 18 million for differ-
ent breeds (Table S3). Middle East goat (18,237,170) has 
the highest number of SNPs, followed by Tibetan goat 
(17,767,153), Chinese northern goat (17,534,707), Africa 
goat (16,851,639), Chinese southern goat (16,287,038) 
and European goat (16,283,645). However, the number 
of SNP in Huai goats are lowest. The number of SNP in 
BoHuai goat was between Boer goat and Huai goat.

Population structure analysis
To explore the genetic relationships between the BoHuai 
goat and other goat breeds around the world, genomic 
SNPs were used for ADMIXTURE, neighbor linkage (NJ), 
and principal component analysis (PCA) (Fig. 1). The first 
and second PCs explained 4.76 and 3.80% of the varia-
tion in the entire genetic data, respectively. The analysis 
revealed clear geographical patterns of goat distribution. 
The goats from Africa and Europe clustered together, and 
the goats from the north and south of China and Tibet 
clustered together. And the Boer and the BoHuai goats 
stay together, but the Huai goats are in groups of their 
own. The ancestry proportions of individuals in different 
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goats inferred by the ADMIXTURE are presented in 
Fig. 1 A. As can be seen from the figure, these goats can 
be divided into different ancestors at K = 3 or K = 5, but 
Boer goats and Boer goats have always had very similar 
ancestral components. BoHuai goat composition is more 
similar to Boer goat which indicates that the genetic 
influence of the Boer goat was greater on the BoHuai goat 
than that of the Huai goat. The phylogenetic tree (Fig. 1B) 
and PCA (Fig.  1C) showed similar results. All different 
groups form independent clusters. The individuals of the 
BoHuai goat are also mostly clustered together and close 
to the Boer goat.

Genomic variation, genetic diversity, and linkage 
disequilibrium
To look at the variation in these different goat popula-
tions (EUR、AFR、SWA-SAS、EAS), we calculated 
their nucleotide diversity. The results showed that the 
nucleotide diversity of different populations was simi-
lar, with a median of about 0.002. Notably, the nucleo-
tide diversity of Middle Eastern and north Chinese goats 
was higher than that of other breeds (Fig.  2A). From 

the perspective of linkage disequilibrium (LD) (Fig. 2B), 
there are some differences among various groups. At dis-
tances between markers (> 50 kb), the Middle East and 
northe China had the lowest LD levels, with the highest 
LD levels being Locust goats, followed by Boer goats and 
BoHuai goat.

Comparison of SNP in BoHuai goat, Huai goat, and Boer 
goat
We compared the common and the nonsynonymous 
SNPs (nsSNP) loci in Boer, Huai, and BoHuai goats. (Fig. 
S1). The SNP shared by the three breeds were 9,903,772. 
The common SNP of BoHuai goat and Boer goats were 
12,829,527, accounting for 86.4% of BoHuai goat SNP 
and 79.1% of Boer goat SNP respectively. The common 
SNP of BoHuai and Huai goat was 10,844,692, account-
ing for 73.0% of BoHuai goats and 74.1% of Huai goats, 
respectively. The results indicated that the abundant SNP 
genetic resources in the BoHuai goat mainly came from 
the lineage of the Boer goat. By comparing the nsSNPs 
of Boer and Huai goats, we obtained 11,552 and 10,975 
specific nsSNPs in Boer and Huai goats, respectively. 

Fig. 1 Population structure of BoHuai goats and its relationship with other breeds in the world. A ADMIXTURE was used with K = 3 and K = 5 for 
model-based clustering among different goats. Colour and label them by geographical area. Neighbor-joining trees (B) and principal component 
analysis (C) separated the goat breeds (161 animals in total) into nine categories
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Following the strategy of other studies, we looked for 
genes with more than five nsSNPs in each breed. Finally, 
a total of 280 and 236 genes were identified in Boer and 
Huai goats. Among these genes, using DAVID gene 
ontology, 202 and 235 significant (P < 0.05) GO BP terms 
were enriched in Boer goat and Huai goat, respectively. 
(Figs. S2, S3 and Tables S5, S6). The GO enrichment anal-
ysis revealed that most genes are related to amino acid 
transport and cell homeostasis.

Signatures of selection
Nucleotide diversity analysis (θπ) and complex likeli-
hood ratio (CLR) were used to detect genomic regions 
associated with selection in the BoHuai goat popula-
tion. And we selected the top 1% of signals as candi-
date regions. 964 genes were screened by θπ (Table 
S7), and 199 genes were screened by CLR (Table S8), 
as shown in Fig.  3A. A total of 130 candidate genes 
were obtained by the intersection of the two methods 
(Fig. 3C). These genes were mainly distributed on chro-
mosomes 7, 8 and, 27, and a large number of candidate 
genes were clustered in the 94 M–99 M region of chro-
mosome 7. We used the KEGG pathway and gene ontol-
ogy (GO) to perform a functional enrichment analysis 
of these overlapping genes. The results showed that the 
KEGG pathway was significantly enriched as “Choles-
terol metabolism”, which contained three genes (LDLR, 
STAR , ANGPTL8)(Table S9). Results of GO terms show 
that these genes are significantly enriched in “negative 
regulation of neuron differentiation”, “cytoplasm”, “Posi-
tive regulation of mitotic cell cycle”, and “Phospholipid 
Metabolist Process”, etc. (Table S10).

We also used  FST and XP-EHH methods to com-
pare selection between Boer goat and BoHuai goat 

populations. By  FST and XP-HH methods, 1134 and 393 
genes were detected, respectively (Tables S11 and S12). 
The intersection of the two methods was also used to 
obtain 138 candidate genes. We also used the KEGG 
pathway and GO (Gene Ontology) for functional enrich-
ment analysis of these overlapping genes. The results 
showed that the most significant enrichment pathway 
was the “Focal adhesion” (Table S13), including six genes: 
ITGB4, COL4A4, CCND2, GRB2, COL4A3, and FLNB, 
which are associated with reproductive traits.

Discussion
Genetic diversity is important for the understanding of 
environmental adaptability of livestock and poultry and 
the intuition of conservation and utilization of breed 
resources. In this study, we found that different breeds 
of goats in different regions maintained similar levels of 
genetic variation. This situation is consistent with previ-
ous reports and may be due to goats not undergoing the 
same high selection as cattle do [19]. As the origin of 
goat domestication, the Middle East has a relatively high 
nucleotide diversity in its population, which was also ver-
ified in this study [20]. In LD analysis, Huai goat and Boer 
goat were distinguished from other breeds. It’s probably 
more manual selection. Henan province as an important 
commercial and transportation area may promote the 
occurrence of strong selection. As a world famous mut-
ton breed, Boer goat has been introduced by various 
countries to improve the local breed, which may also be 
the reason for its rapid LD attenuation.

The characterization of population structure and 
genetic diversity can help us to evaluate goat genetic 
resources and play an important role in future utilization 
and conservation. In this study, the population genetic 
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structure of the BoHuai goat was studied in the back-
ground with different goat breeds. As can be seen from 
the ADMIXTURE analysis (Fig.  1),the ancestry of the 
Boer goat is mainly from the Boer goat (~ 90%). There-
fore, the genetic relationship between BoHuai goats and 
Boer goats is closer than that of Huai goats. Interestingly, 
the Huai goat has a mixed pedigree, which is quite differ-
ent from goat breeds in other parts of China. This sug-
gests that the formation history of the Huai goat may be 
complicated. We speculate that the unique location of 
Henan Province may result in more artificial selection 
of Huai goat, which leads to its complex genetic back-
ground, which is similar to that of Nanyang cattle [21]. 
Notably, In the ADMIXTURE analysis, when K = 2, 
showde that Boer and African goats share the same 
genetic background. When K = 3, Boer and African goats 
showed significant genetic heterogeneity (Fig. S4). This 
indicates that Boer goats have experienced more artificial 
selection during breeding.

In our analysis, Boer goat and Huai goat, as the male 
and female parents of Bohuai goat, have a very close rela-
tionship with each other. In order to understand their 
genetic differences, In order to understand the genetic 
differences between the two breeds, we performed the 

GO enrichment analysis of genes harboring > 5 specific 
nsSNPs. Most of the genes are concentrated in amino 
acid transport and “calcium ion binding”,It reflects the 
strong production performance of Bohuai goat. In addi-
tion, we also identified significant signatures of selec-
tive sweeps in Bohuai goat. After more than 20 years of 
breeding, the production performance of Bohuai goat has 
been significantly improved. Fat content is an important 
factor determining mutton quality. BoHuai goat genome 
showed signs of selection in some genes of the “Choles-
terol metabolism” pathway (LDLR, STAR, ANGPTL8), 
which plays an important role in lipid metabolism. This 
may be an important factor leading to fat deposition in 
Bohuai goats. In order to better understand the rela-
tionship between these genes and the excellent traits 
of Bohuai goats,we looked at the biological function of 
these genes. For example, the LDLR gene regulating cho-
lesterol homeostasis is related to atherosclerosis [22, 23]. 
The STAR  (Steroidogenic acute regulatory protein) gene 
plays an important role in regulating the rate-limiting 
step in steroid hormone synthesis, and cholesterol side-
chain cleavage [24]; In addition, it has also been reported 
that it may be associated with high fertility in goats [25]. 
The ANGPTL8 (Angiopoietin-like protein 8) gene is an 
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important regulator of metabolic disorders [26], block-
ing ANGPTL8 in mice promoted triglyceride clearance, 
energy expenditure, and weight loss [27]. In addition, 
ANGPTL8 regulates adipocyte differentiation and adi-
pogenesis in bovines [28]. Therefore, these three genes 
are likely to play an important role in the growth and 
development of Bohuai goat population. Meanwhile,We 
observed a significant peak in the BTA7:9.4–9.9 Mb 
region. This region contains multiple genes. This region 
contains 79 candidate genes that were selected by both 
θπ and CLR methods (Fig.  3B). Therefore, the research 
on genetic improvement of Bohuai goat genome can 
focus on this region.

Strong disease resistance is often an important char-
acteristic of local breeds [29]. After years of breed-
ing, Compared with both Bohuai and Boer goats, the 
Bohuai goats showed stronger disease resistance Many 
of the candidate genes that we found in the Bohuai 
goat are related to immunity. For example, functional 
enrichment analysis showed significant immune-
related GO term “positive regulation of T cell prolifera-
tion”, including CD274, DHPS, and PDCD1LG2 genes. 
Related studies have shown that the CD274 gene inhib-
its host immunity in T lymphocytic proliferative dis-
eases [30]. In cattle, CD274 was found to be the target 
of host-targeted therapy in cattle infected with Myco-
plasma Bovis [31]. It’s likely that the gene also plays an 
important role in disease resistance in goats. The DHPS 
gene is associated with antimalarial resistance [32]. 
Previous pain-related studies in goats have shown that 
CCL27 is a candidate gene for an immune response 
[33]. These genes may be related to the higher repro-
ductive rate of Bohuai goats.

Conclusions
Our genomic analysis provided new insights into the 
diversity and selection signals of BoHuai goats and 
their relationship with other breeds of goats. The dis-
covery of genomic diversity will provide a basis for the 
conservation and the utilization of genetic resources 
of BoHuai goats. In addition, we identified a series of 
genes that may play an important role in lipid metabo-
lism and immune response of this breed. These results 
will provide information for further study on the for-
mation mechanism of various fine traits of Bohuai 
goats, and also provide reference for molecular breed-
ing of other breeds.

Methods
Samples and whole‑genome sequencing
In this study, 30 Bohuai goats and 5 Huai goats from 
Shenqiu County Bohuai Goat breeding farm as samples 
(female). The goats were immobilized and jugular blood 

samples were collected using EDTA-K2 anticoagulant 
tubes and stored in cold storage. Genomic DNA was 
extracted using the standard phenol-chloroform method 
[34]. We used Nanodrop to measure the purity of DNA 
and established libraries of DNA samples with a concen-
tration of more than 1.5 μg. A paired-end library with an 
average insert length of 500 bp and an average read length 
of 150 bp was constructed for each individual. Sequenc-
ing was performed using Illumina 2000 instruments at 
the Novogene Bioinformatics, Beijing, China.

To better analyze the genetic diversity and selection 
signals of Bohuai goats, we also used data from 126 pub-
lished goats from around the world. These include goats 
from Europe (n = 15, including the Alpine Goat, Italy 
Goat, and Saanen Goat), African goats (n = 16, includ-
ing the Morocco Black Goat, the Morocco Draa Goat, 
Morocco indigenous population), goats from the Middle 
East (n = 15, Iran indigenous population), goats from dif-
ferent regions of China (n = 73, including Anhui White 
Goat, Bange Cashmere Goat, Chengde Hornless Goat, 
Chengdu Grey Goat, Chinese Nubian Goat, Er Lang 
Shan Cashmere Goat, Erdos Cashmere Goat, Guishan 
Black Goat, Guizhou Black Goat, JianChangBlack Goat, 
Jining Grey Goat, Laiwu Black Goat, Leizhou Black Goat, 
Liaoning Cashmere Goat, Longlin Goat, LVLIANG Black 
Goat, Maguan Hornless Goat, Matou Goat, Nubian-
Longlin Goat, Qinghai Tibetan Goat, Raoshan White 
Goat, Ritu Cashmere Goat, Shannan White Goat, The 
Tibetan Goat, Wu Zhu Mu Qin White Goat, Xiangdong 
Black Goat, Xinjiang Goat, Yimeng Black Goat, Yudong 
White Goat, Yunnanblack Goat, Zhongwei Goat) and 
seven Boer goats. Therefore, a total of 161 goats were 
used in this study.

Alignment and SNP calling
Trimmomatic software (v0.36) was used to trim raw 
sequence reads with the parameters: “LEADING:20, 
TRAILING:20, SLIDINGWINDWOE: 3:15, AVG-
QUAL:20, MINLEN:35, TOPHRED33”. The cleans reads 
were aligned to the goat reference assembly ARS1 by 
Sentieon software [18]. Then Single nucleotide polymor-
phisms (SNPs) were detected by the Genome Analysis 
Toolkit (GATK, version 4.1.8.1) with diverse modules 
[35]. The raw SNPs were called using the “SelectVariants” 
module of GATK. After SNPs were called, we used the 
“VariantFiltration” module to filter the raw SNPs with the 
following parameters: QD < 2.0, QUAL < 30.0, SOR > 3.0, 
FS > 60.0, MQ < 40.0, MQRankSum < − 12.5, and Read-
PosRankSum < − 8.0. VCFtools were used to remove the 
variants with a minor allele frequency (MAF) lower than 
0.05 and variants with more than 0.1 missing genotypes 
at the meta-population level. Finally, biallelic SNPs were 
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extracted and used in the subsequent analyses. Annovar 
software was used to annotate the functions of each SNP.

Population genetic analysis
The SNPs in high levels of pair-wise LD were pruned by 
Plink [36] with the parameter (−-inder-pair-wise 50 5 
0.2) to perform ADMIXTURE analysis. Principal compo-
nent analysis (PCA) was performed using the SmartPCA 
program in the Eigensoft V5.0 package [37]. ADMIX-
TURE v1.3 [38] was used for population structure analy-
sis, the kinship set is from 2 to 12 (Table S4). We used 
PLINK software to make the matrix of pairwise genetic 
distances and then it was used for constructing an 
unrooted evolutionary tree. The visualization of the evo-
lutionary tree was done by MEGA7 [39] and embellished 
by FigTree (http:// tree. bio. ed. ac. uk/ softw are/ figtr ee/).

Selective sweep identification
In order to identify the selection signatures that are 
driven by artificial selection and genetic adaptation to the 
local environment, more than two strategies were used 
to scan the genomes of Bohuai goats. The nucleotide 
diversity and the composite likelihood ration (CLR) [40] 
method were used in the Bohuai goat population. First, 
the SNP loci with allele frequency less than 0.05 were 
removed. After that, we used VCFtools [41] to estimate 
the nucleotide diversity by a sliding window approach in 
which widows are 50kbs and the step is 20 kb. The Sweep-
Finder2 [41] was used for calculating the CLR for sites in 
non-overlapping 50 kb windows. We calculate the empir-
ical P values of π windows and CLR windows, and select 
the overlapping region of the top 1% windows of each 
method as a candidate signal. In addition, fixation index 
(Fst) and cross-population extended haplotype homozy-
gosity (XP-EHH) were used for comparing Boer goat and 
Huai goat. We used VCFtools to analyze FST with a 50 kb 
window and a 20 kb step. SELSCAN V1.1 [42] was used 
to calculate the XP-EHH statistics for each population 
based on extended haplotypes. For XP-EHH selection 
scans, our test statistics are the average of standardized 
XP-EHH scores for each 50 KB region. The XP-EHH 
score is directional: a positive score indicates that selec-
tion may have occurred in Boer goats, whereas a negative 
score indicates that selection may have occurred in the 
reference population. P-value < 0.01 was used as a thresh-
old for significant genomic regions. Genomic regions 
identified by two methods are considered candidates 
for positive selection. To obtain a better understanding 
of the function and signaling pathways of the candidate 
genes, the GO and KEGG pathways were enriched using 
KOBAS 3.0 [43].
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