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Summary

Information about genetic diversity and population structure among goat breeds is essential
for genetic improvement, understanding of environmental adaptation as well as utilization
and conservation of goat breeds. Here, we measured genetic diversity and population
structure in multiple Chinese goat populations, namely, Nanjiang, Qinggeda, Arbas
Cashmere, Jining Grey, Luoping Yellow and Guangfeng goats. A total of 193 individuals
were genotyped for about 47 401 autosomal single nucleotide polymorphisms (SNPs). We
found a high proportion of informative SNPs, ranging from 69.5% in the Luoping Yellow to
93.9% in the Jining Grey goat breeds with an average mean of 84.7%. Diversity, as
measured by expected heterozygosity, ranged from 0.371 in Luoping Yellow to 0.405 in
Jining Grey goat populations. The average estimated pair-wise genetic differentiation (Fgr)
among the populations was 8.6%, ranging from 0.2% to 16% and indicating low to
moderate genetic differentiation. Principal component analysis, genetic structure and
phylogenetic tree analysis revealed a clustering of six Chinese goat populations according to
geographic distribution. The results from this study can contribute valuable genetic
information and can properly assist with within-breed diversity, which provides a good
opportunity for sustainable utilization of and maintenance of genetic resource improve-

ments in the Chinese goat populations.

Keywords China, genetic structure, genetic variation, goat breeds, SNP analysis

Introduction

Archaeological and genetic evolution evidence suggests that
the domestic goat was one of the first ruminant animals to
be domesticated around 10 000 years ago (Zeder 2000) at
the dawn of the Neolithic period in the Fertile Crescent.
Goats were domesticated from bezoars (Capra aegagrus) in
western Asia (Naderi et al. 2008). For the past few decades,
these domestic breeds have represented an important
animal genetic resource and have aroused great attention
for the development of sustainable breed improvement
strategies. Goat is the most special, geographically wide-
spread livestock species for different weather conditions
(Aziz 2010) and is an important agricultural production
resource used for meat, milk, skins and fiber for the
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livelihood of low-input production systems (Devendra
2015).

The biological diversity of the local goat population serves
as the basis for the existence and development of raw
material for millions of farmers wanting to improve their
breeds to adapt to the changing environments and chang-
ing demands (Devendra 2015). Hence, consideration of the
genetic diversity and conservation of diverse goat popula-
tions is an imperative aspect of facing future challenges,
such as climate change, emerging diseases and food security
for an increasing human population, and is important for
the conservation and utilization of the indigenous goat
breeds (Groeneveld et al. 2010).

To properly maintain indigenous goat populations, the
Chinese government has gradually cultivated ecological
adaptation (Song et al. 2016) and systematic selection (Guan
et al. 2016). China is home to over 69 goat breeds, including
58 local breeds, eight improved breeds and three introduced
breeds, and many of them are listed in the national goat breed
directory (Zhang et al. 2012; Guanet al. 2016; Maet al. 2017).
However, genetic diversity of goats and the relationship among
the goat populations have not yet been well studied using
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single nucleotide polymorphism (SNP) technology. Most
previous studies that were focused on genetic diversity and
structures of Chinese goat populations used low-density
microsatellite markers (Di et al. 2011; Wei et al. 2014) and
mitochondrial DNA (Wang et al. 2008). Nevertheless, today
the analysis of SNP markers is becoming a standard approach
for diversity analysis and genome-wide studies. The availabil-
ity of SNPs allows for comprehensive investigation and
provides superior power for the examination of genetic
variation and the relationship across many diverse livestock
genomes that is impossible to attain with other types of marker
panels (Lin et al. 2013; Lashmar et al. 2016; Onzima et al.
2018). SNPs represent one of the more interesting approaches
for genotyping because they are abundant in the genome,
genetically stable and amenable for conducting genome-wide
studies (Brito et al. 2017) and whole genome re-sequencing
analysis (Song et al. 2016). The importance of SNP array
technology in measuring genetic diversity and divergence
within and among populations has been demonstrated in
several studies (Kijas et al. 2012; Grasso et al. 2014).

A detailed understanding of genome-wide SNP panels will
provide an opportunity to apply them to genome-based
association studies and complex traits in the future. Despite
the many SNPs identified in the International Goat Genome
Consortium project, few have been validated in Chinese
goat populations. Breed characterization requires basic
knowledge of genetic variations that can be effectively
measured within and between populations. Therefore, in
this study we investigated the genetic diversity and popu-
lation structure of six Chinese goat populations using a SNP
panel generated from the Illumina goat SNP50 BeadChip.

Materials and methods

Sample collection

Samples were collected from a total of 193 goats represent-
ing the Nanjiang (NJ), Qinggeda (QGD), Arbas Cashmere
(AC), Jining Grey (JN), Luoping Yellow (LP) and Guangfeng
(GF) goat populations, living mainly in five Chinese
provinces (Fig. 1). Summary of breed name, sample code
and sample size of the goat populations are depicted in
Table S1. To minimize the likelihood of studying related
individuals, samples were collected from different areas in
the provinces to capture a representative sample of within-
breed genetic diversity. A total of 10 ml of blood was drawn
from the jugular vein into a tube. DNA extraction was
conducted at the Institute of Animal Science, Chinese
Academy of Agricultural Sciences laboratory using Pro-
mega Kkits, following the manufacturer’s protocol.

Genotyping, quality control and data pruning

All DNA samples were genotyped using the Illumina goat
SNP 50K BeadChip by GeneSeek/Neogen, featuring over

53 347 SNPs. The high-quality SNPs were obtained
using priNk v.1.07 (Purcell et al. 2007) with the parameters
—mind, 0.1; —geno, 0.1; —maf, 0.05; and ~hwe, 1e-5 and
then were used for further analysis.

Data analysis

Genetic diversity analysis

pLINK V1.07 (Purcell et al. 2007) was used for the estimation
of genetic diversity measures: inbreeding coefficient (Fig),
average relatedness (PI_HAT), proportion of polymorphic
SNPs (Py), minor allele frequency (MAF), observed (Hp) and
expected (Hg) heterozygosity across all the populations. H,
and H. were calculated using the --hardy flag, and the
inbreeding coefficient (Fig) and MAF were calculated using
the commands --het and --frq respectively. Average relat-
edness was estimated as the proportion of identity-by-
descent between individual pairs using the same software.

Population genetic differentiation, structure and principal com-
ponent analysis

The analysis of molecular variance (AMOVA), pairwise
genetic difference (Fgpy) and Reynolds’ genetic distance
(Reynolds et al. 1983) were computed using ARIEQUIN 3.5.2
(Excoffier & Lischer 2010) with 1000 permutations for a
different hierarchical level of population genetic data anal-
ysis. A neighbor-joining tree was constructed from allele-
sharing distances using PoWERMARKER (Liu & Muse 2005), and
the tree was visualized using rigtree 1.4.2. (http://tree.
bio.ed.ac.uk/software/figtree/). A Bayesian-model-based
clustering method was used to elucidate the population
genetic structure using STRUCTURE software version 2.3.4
(Falush et al. 2007) with 20 000 Markov-chain Monte Carlo
runs after a burn-in period of 10 000 interactions and five
independent runs for each value of K (K = 2—6). The server
STRUCTURE HARVESTER (Earl 2012) was used to display the
STRUCTURE results. The optimal K value was computed using
the procedures of Evanno et al. (2005) based on AK. Principal
component analysis (PCA) was estimated from the genetic
relationship matrix of the first three eigenvalues and eigen-
vectors in R package version 3.4 (Zheng et al. 2012).

Results

Genetic variants

In this study, 53 347 SNPs were considered before marker-
based quality control. SNP marker quality control excluded
6642 SNPs across populations (Table 1). Significant devi-
ations for MAF values less than 0.05 caused 3839 SNPs to
be excluded, and 1719 and 1715 SNPs were removed
because of Hardy-Weinberg equilibrium (P < 1e-5) and call
rates less than 0.95 respectively. Based on SNPs with MAF
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Figure 1 Geographic distribution and provinces of the six goat populations in China.

values less than 0.05, the LP breed had the highest number
of SNPs excluded (n=12 466) and the JN breed had the
least excluded (n=3037). A common subset of 47 401
SNPs (88.85%) from 193 individuals was used for down-
stream analysis.

The total distribution of MAF values across all the
populations is shown in Fig. 2. Among the six Chinese goat
breeds, QGD (28.8%) and LP (20.2%) showed the highest
and the lowest proportion of SNPs (MAF > 0.3) respectively.
The LP breed had a higher proportion of SNPs in the lowest
MAF interval compared to the proportion of SNPs in the
higher MAF intervals. The proportion of SNPs for the NJ,
QGD, AC, JN and GF goat populations were shown to be

higher as the MAF interval increased except in the last
interval, for which the percentage decreased.

Genetic diversity analysis

The results of the genetic diversity both after and before
quality control in all the populations are summarized in
Tables 2 & S2 respectively. Based on the percentage of
identity-by-descent, the average relatedness between indi-
vidual pairs was estimated at 0.3%, 1.6%, 2.7%, 3.4%,
5.5% and 6.4% for the QGD, NJ, JN, AC, GF and LP goat
breeds respectively with an overall mean of 3.3%. The
average MAF was lowest for the LP (0.234 + 0.16) and

Table 1 Single nucleotide polymorphism chip marker-based quality filtering results.

Excluded SNPs

Population n SNP CR <0.95 MAF <0.05 HWE (P < 1e-5) Total Remaining SNPs
Nanjiang 23 1726 6495 47 7085 46 262
Qinggeda 24 1608 4476 3 4931 48 416
Aarbas Cashmere 59 1806 7113 37 7759 45 588
Jining Grey 39 2863 3037 89 4797 48 550
Luoping Yellow 24 1591 12 466 7 12876 40 471
Guangfeng 24 1684 7725 18 8235 45112
Merged 193 1715 3839 1719 5946 47 401

CR, call rate; HWE, Hardy-Weinberg equilibrium; MAF, minor allele frequency; n, number of individuals.
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highest for the JN (0.314 + 0.12) breeds with an average
mean of 0.279 + 0.14 across the populations. With MAF
less than 0.05, the proportion of polymorphic loci (Py) was
found to be highest in JN (93.9%) and lowest in LP (69.5%)
with an overall mean of 84.7% across the populations.

The inbreeding coefficient was positive for the GF
(Fis = 0.062), QGD (Fig=0.046) and NJ (Fis5=0.014)
breeds with an overall mean of 0.016 across all the
populations. The expected heterozygosity varied from 0.371
(LP) to 0.405 (JN) with an overall mean of 0.387, whereas
the observed heterozygosity ranged from 0.306 in LP to
0.402 in JN with a mean of 0.362 across all populations.
The expected heterozygosity was to some extent greater
than the observed heterozygosity (Hy > Hp) both before and
after quality control.

Population genetic differentiation, AMOVA, and
structure

Pairwise genetic differentiation (Fgr) and Reynolds’ genetic
distance were measured using 47 401 SNPs (Table S3). The
global Fgr was 8.6% and ranged from 0.02% to 0.16%
(P <0.05), indicating moderate genetic differentiation
among the populations. This finding was further confirmed
by the AMOVA (Table 3), which showed 90.2% of the
variation to be intra-population and 8.6% (P < 0.001) to be
inter-population.

A PCA is often used to envisage individual relationships
within and among populations. The goat populations were
grouped according to their geographic locations and breed
origins. Our PCA results revealed that two breeds were
clearly differentiated in the first and the second eigenvec-
tors, which accounted for 11.21% and 8.64% of the total
variation respectively, suggesting that a separate genetic
structure exists between the AC and LP goat populations
(Fig. 3). The NJ goat breed clustered closely with QGD goats,

To determine the geographic relationship between the
individual animals, a neighbor-joining tree was constructed
using genome-wide allele sharing. All individuals were
grouped together and four different clusters were created
(Fig. 4), which is in concordance with the results of the
PCA analysis. The first cluster contained the GF and JN
populations, QGD and NJ goats were grouped together in
the second cluster, and the AC and LP goat breeds were
seen as genetically distinct as the third and fourth clusters
respectively.

The structure analysis (Fig. 5) revealed a result similar to
the PCA and neighbor-joining tree analysis. At K= 2, the
AC goat population was the only breed that formed an
independent genetic structure. Similarly, at K = 3 and 4, the
AC and LP goat populations displayed a separate cluster,
whereas the NJ, QGD, and JN presented as having similar
genetic construction. Based on the AK value, K = 3 was the
most optimal number for the inferred genetic structure of
the populations (Fig. S1).

Discussion

Genetic diversity of Chinese goat populations

Knowledge about genetic diversity and population structure
among goat populations is essential for genetic improvement,
understanding of environmental adaptation as well as utiliza-
tion and conservation of goat breeds. Although the 50K SNP
panel was developed from sequence data for goat breeds, such
as those used in this study (NJ, QGD, AC, JN, LP and GF; https://
www.animalgenome.org/repository/pub/CAAS2018.1121/),
all breeds showed sustained high levels of genetic variability,
which could be due to the greater genetic diversity of the
animals’ ancestors (Wei et al. 2014). The JN breed demon-
strated the highest level of genetic diversity compared to the
others, which might be attributed to the absence of strong

and the JN breed clustered closely with GF population. artificial selection pressures, a high gene flow and
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Figure 2 Distribution of minor allele frequency
across the six Chinese goat populations.
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Table 2 Genetic diversity, showing the name of the breed, sample size (n), proportion of polymorphic SNPs (Py), average relatedness (PI_HAT),
minor allele frequency, expected (He) and observed (Ho) heterozygosity and inbreeding coefficient (Fs) for the six Chinese goat populations.

Breed name n % Py PI-HAT MAF He Ho Fis

Nanjiang 23 86.1 0.016 0.284 + 0.14 0.384 +0.15 0.374 £ 0.16 -0.014
Qinggeda 24 90.8 0.003 0.307 £ 0.13 0.397 £ 0.12 0.396 + 0.14 0.046
Arbas Cashmere 59 84.6 0.034 0.276 + 0.14 0.374 £ 0.15 0.365 + 0.15 —0.013
Jining Grey 39 93.9 0.027 0.314 £ 0.12 0.405 + 0.24 0.402 +0.12 —0.002
Luoping Yellow 24 69.5 0.064 0.234 +0.16 0.371 +£0.17 0.306 + 0.18 0.014
Guangfeng 24 83.1 0.055 0.258 + 0.14 0.402 + 0.13 0.320 + 0.16 0.062
Overall 193 84.7 0.033 0.279 +0.14 0.387 £ 0.16 0.362 £ 0.15 0.016

Table 3 Analysis of molecular variance among Chinese goat
populations.

% of
Source of variation DF SS VC variations
Among population 5  255296.058  700.33400 8.61

Among individual 187 1408043.310 97.21158 1.20
within a population
Within individuals 193

Total 385

1415697.500 7335.22021  90.19
3079036.868 8132.76579 100

DF, degree of freedom; SS, sums of squares; VC, variance component.
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Figure 3 Principal component analysis showing genetic relationship
results from a dataset of 39 552 SNPs in six Chinese indigenous goat
breeds: NJ, Nanjiang; QGD, Qinggeda; AC, Arbas Cashmere; JN, Jining
Grey; LP, Luoping Yellow; GF, Guangfeng. The first PCA accounts for
11.21% and the second PCA accounts for 8.64% of the variation.

heterogeneous characteristics of communal smallholder pro-
duction systems in the local area. On the other hand, the lowest
value was observed for the LP breed, which is consistent with its
geographic history, as the breed is geographically distributed in
Yunnan province, located in Southwest China, which is
surrounded by the Qinling Mountains and Huaihe River Line
(Wei et al. 2014); as a result, high inbreeding due to a small
breeding stock population could have contributed to the low
genetic diversity. We also observed that the LP breed showed a
lower proportion of polymorphic loci (69.5%), which could be
explained by the small size of the population and relatively high

inbreeding. A relatively lower number of informative SNPs
indicates populations with a narrow genetic base and individ-
uality ofthe breeds (Mdladla et al. 2016). However, populations
with a larger sample size would be needed to obtain a better
estimate of inbreeding measures (Brito et al. 2017).

The genetic diversity values (such as observed and
expected heterozygosity) observed in the six goat popula-
tions studied are in concordance with the reported esti-
mated values for Spanish goats, Hp=0.29-0.42 and
Hp=0.28-0.41 (Manunza etal. 2016); South African
goats, H;=0.41 and Hp = 0.42 (Mdladla et al. 2016); and
Italian goats, Hy=0.37-0.41 and Hp= 0.36-0.41 (Nico-
loso et al. 2015) based on a SNP panel. However, our results
were lower than the previously reported average heterozy-
gosity of 0.972 (Wang et al. 2008), 0.806 (Zhang et al.
2012) and 0.6433 (Wei et al. 2014) for multiple Chinese
goat breeds based on microsatellite markers.

Monitoring and controlling inbreeding is important for
limiting the potential impact of deleterious alleles, inbreed-
ing depression and loss of variance. In this study, we
obtained a positive inbreeding coefficient for the GF, QGD
and LP goat breeds, indicating no deliberate inbreeding in
the populations. Overall, the proportion of polymorphic loci
across all study populations was high and a deficiency in
heterozygosity was observed (Hy < Hg). The Hy; values were
within almost a fraction of one standard error both before
and after quality control, which reflects that the population
substructure has been maintained within the Chinese goat
breeds, which could be due to the Wahlund effect rather
than inbreeding (Oliveira et al. 2010).

Population genetic structure

The neighbor-joining tree (Fig. 4) revealed the individual
animals clustering into four major groups on the basis of the
degree of the genetic relationships and geographic separa-
tion. The NJ and QGD populations were grouped together,
suggesting a high genetic relationship between these
populations, which could be due to possible high gene flow
and short domestication history, as they are raised in
nearby geographic regions. The tree also revealed that the
GF breed was located in the same clade as the JN breed,
indicating that these breeds may share common ancestry.

© 2019 Stichting International Foundation for Animal Genetics, doi: 10.1111/age.12776
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Figure 4 Phylogenetic relationship constructed using a neighbor-joining tree from a dataset of 39 552 SNPs in six Chinese indigenous goat breeds:
NJ, Nanjiang; QGD, Qinggeda; AC, Arbas Cashmere; JN, Jining Grey; LP, Luoping Yellow; GF, Guangfeng.
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Our findings were consistent with those in a previous study
of different Chinese goat breeds based on microsatellite
markers (Di etal. 2011). The observation was further
supported by the PCA analysis results, which separated the
populations according to their geographic isolation (Fig. 3).
The results of this study are also in line with the clustering
and geographic patterns described in previous studies based
on microsatellite markers in different Chinese goat popula-
tions (Zhang etal. 2012) and on the SNP BeadChip in
Italian goats (Nicoloso et al. 2015).

Furthermore, the srructure analyses allowed for the
assignment of individuals to groups based on their genetic

vellow

Figure 5 Population structure plots showing
the proportions of ancestral populations of the
six Chinese goat populations for K =2 to
K=5.

Guangfeng

similarities and geographic isolation, thereby providing
information about the number of ancestral populations
underlying the observed genetic diversity. Certainly, the
representative clusters in LP were also present in AC breeds
with a low ancestry coefficient. A similar pattern was
observed in LP, which contained some features of the AC
cluster. The two clusters formed by LP are suggestive of
genetic substructuring resulting from using LP animals
belonging to divergent selection lines. At most, the effect of
geographic isolation on the local scale was seen in the LP
goat breed, which is traditionally reared in the Yunnan
province located in southwest China (Fig. 1), a region that

© 2019 Stichting International Foundation for Animal Genetics, doi: 10.1111/age.12776



has a special geographic structure due to the Hengduan
Mountains located at the middle of Qinghai-Tibet Plateau
and Yunnan-Guizhou Plateau, which has restricted live-
stock gene flow between northern and southwestern China
(Wei et al. 2014). In addition, the AC goat breed is one of
the most well-known Chinese goats for the cashmere trait,
which has experienced strong artificial selection (Guan et al.
2016; Liu et al. 2018). Our findings are in agreement with
previous research reported to have used microsatellite
analysis in goat populations (Zhang et al. 2012) and based
on the SNP panel in sheep (Kijas et al. 2012) and cattle
(Edea et al. 2015).

Genetic differentiation and AMOVA

In this study, the findings for genetic distance and genetic
differentiation reflected the natural geographic separation of
the populations; for instance, when the geographic distance
between populations was small, genetic differentiation was
low, but increased geographical distance went along with
increased genetic differentiation among the populations.
Therefore, isolation by geographic separation has played a
major role in shaping the genetic differentiation among
Chinese goat populations. A similar investigation was
reported in multiple Chinese goat breeds (Wei et al. 2014)
based on microsatellite markers. The global Fgr value of 8.6%
in this study was similar to the Fgy value of 8.9% found in
South African goat breeds in a study based on a SNP panel
(Visser et al. 2016) but higher than the Fgy values of 6.3%
(Zhang et al. 2012) and 6.2% (Di et al. 2011) for different
Chinese goat breeds in studies based on microsatellite
markers. Our results were further confirmed by AMOVA,
which showed that 90.2% (P < 0.05) of the variation was
within populations and 8.6% (P <0.001) among popula-
tions. The findings of this study was consistent with the
values of 87.86% and 11.86% reported for South African,
French and Argentinian goat populations (Visser et al. 2016)
and values of 89.83% among and 7.49% within individual
variations for South African and Italian goat breeds (Nicoloso
et al. 2015) using the SNP panel analysis.

Conclusion

Single nucleotide polymorphisms are quite reliable markers
for use in studies of genetic diversity and variability of
populations and to determine whether individuals belong to
the claimed populations. Here, we observed that the genetic
structures of the studied breeds were explained mainly by
their geographic origin. In general, low to moderate levels of
genetic variability and high within-breed diversity was
maintained in the studied goat populations and thereby
provide a good opportunity for sustainable utilization and
improvements in the conservation of animal genetic
resources. Information from this study may also assist in
the reduction of unnecessary inbreeding or gene flow among

Genetic diversity and population structure

populations. Further studies will be helpful to confirm and
refine our results through the inclusion of more samples and
other tools such as whole genome re-sequencing, high-
density SNP genotyping and phenotypic data.
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Figure S1 Distribution of (a) AK and (b) L(K) for 193
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value indicating the true K or the exact inference of genetic
structure (K = 3).

Table S1 Summary of breed names, sample codes, sample
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