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Abstract

Background The Hetian Gray donkey, characterized by its large stature and gray coat color, is a relatively recently
identified breed. This breed plays an important role in local agricultural practices and cultural heritage. However,

with the widespread adoption of mechanization, its use as a draft animal has gradually diminished. Additionally, the
insufficient development of its meat and milk products has contributed to a continuous decline in its population,
making its conservation increasingly urgent. Despite its significance, research on the origin and ancestral composition
of the Hetian Gray donkey remains limited, which is essential for developing effective conservation strategies. To
address this, whole-genome resequencing data of 208 donkeys from seven Chinese indigenous donkey breeds,
Equus africanus somaliensis, and Equus kiang were analyzed to investigate the relationships between the Hetian Gray
donkey and other breeds in the present study. The findings of this study will provide valuable scientific evidence for
preserving the genetic diversity and unique characteristics of the Hetian Gray donkey.

Results The analysis revealed that wild donkeys had no significant impact on the formation of the Hetian Gray
donkey. Among the breeds studied, the Xinjiang donkey and the Guanzhong donkey exhibit the closest genetic
affinity with the Hetian Gray donkeys. Additionally, genome-wide selection signature analysis between the Hetian
Gray donkey and the Xinjiang donkey identified positive selection for genes associated with body size traits.

Conclusion In summary, the results confirm that geographical distance plays a crucial role in determining the
genetic relationships among the Hetian Gray donkey and other populations. The Xinjiang donkey and the Guanzhong
donkey played an important role in the formation of the Hetian Gray donkey, and genes related to body size were
positively selected during development of the breed.
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Background

China has a long history of donkey breeding that spans
5,000 years, and is one of the countries with the richest
genetic resources in donkeys [1]. There were approxi-
mately 1.46 million indigenous donkeys in China in 2023,
with more than 150 thousand of them distributed in the
Xinjiang Uyghur Autonomous Region (http://www.sta
ts.gov.cn), which accounted for 2.76% and 0.28% of the
total donkey population in the world (around 52.95 mil-
lion) (http://www.fao.org), respectively. Xinjiang is a tra
ditional and prominent donkey-raising region within the
country. The majority of donkeys in the area are classified
as Xinjiang donkeys, while a small proportion belongs to
the Hetian Gray donkey. The Hetian Gray donkey is an
ancient and distinctive indigenous breed mainly distrib-
uted in Pishan County in the Hetian region of Xinjiang
[2], which were identified and named after the prefec-
ture where they are distributed in 2006 [3]. This breed
is recognized for its large size, gray coat color as well as
its strong adaptation to the local dry and hot climate [4],
and it is distinctive from the most donkeys in Xinjiang,
which are characterized by their small body size. Though
the Hetian Gray donkey is regarded as a superior don-
key breed, its origin still largely remains unknown. As
Hetian region is located in the ancient route of the Silk
Route, and there have been wild donkeys inhabiting in
the South of Xinjiang, which overlap the distribution area
of the Hetian Gray donkey, it led to the speculation that
the donkey breeds along the Silk Route or the wild don-
key may contribute to the breed formation of the Hetian
Gray donkey. Affected by agricultural mechanization, the
population of the Hetian Gray donkey has decreased in
the past decades. Despite the conservation of the breed
is supported by the local government, efficient actions
are still needed for preserving the Hetian Gray donkey.
A study on the origin of Hetian Gray donkeys will pro-
vide meaningful information in support of the conserva-
tion and utilization of the Hetian Gray donkey. Despite
cultural and scientific interest in the Hetian Gray don-
key, few efforts have been made to better understand the
origin of this unique Chinese indigenous donkey breed
(CDB).

In recent years, genome resequencing technology
has been widely employed in population genetics stud-
ies of various species, and led to significant progresses
in the studies on genetic diversity and evolution [5-12].
For donkeys, studies with whole-genome sequencing
data showed that Chinese donkeys exhibit high genetic
diversity [13—16] and they are the offsprings of the don-
keys originally domesticated in Africa [17]. These find-
ings provide a scientific basis for the genetic study and
improvement of Chinese indigenous donkey breeds
(CDBs).
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In this study, we conducted whole-genome resequenc-
ing on seven CDBs, and analyzed 206 indigenous donkey
genomes to explore the genetic relationships between the
Hetian Gray donkey and other donkey breeds, providing
insights into the origin of the Hetian Gray donkey. The
findings of this study offer a meaningful basis for the con-
servation of this special indigenous donkey breed.

Materials and methods

Sample collection and datasets

In this study, a total of 206 blood samples were randomly
collected from seven indigenous donkey breeds in China.
The samples included 30 Hetian Gray donkeys and 16
Xinjiang donkeys from the Xinjiang Uygur Autonomous
Region, 35 Dezhou donkeys from Shandong Province, 35
Guanzhong donkeys from Shaanxi Province, 30 Guan-
gling donkeys from Shanxi Province, 30 Huaibei Gray
donkeys from Anhui Province, and 30 Yunnan donkeys
from Yunnan Province. The studied populations were
sampled in their places of origin. The Yunnan donkeys
were sampled from the local private farms, and all other
samples were collected from donkey preserving farms
owned by the local governments in the regions where the
sampled breeds distributed. Close blood relationships
among the sampled animals were avoided. Blood samples
were collected from the jugular vein and immediately
stored in EDTA anticoagulant tubes. The indigenous
donkey breeds sampled in this study are representa-
tives of the main donkey breeding regions across China
(Fig. 1).

Genomic DNA was extracted using the Rapid Blood
Genomic DNA Extraction Kit (Tiangen Technology Co.,
Ltd., Beijing, China). The extracted DNA was randomly
fragmented, and paired-end libraries with an insert size
of 350 bp were constructed. Sequencing was conducted
on the Illumina HiSeq X platform with 150-bp paired-
end reads, achieving an average coverage of five-fold,
according to the manufacturer’s guidelines. Addition-
ally, resequencing data from two wild donkeys, Equus
africanus somaliensis (Accession numbers: ERR650540-
ERR650547, ERR650570-ERR650703) and Equus kiang (
https://ngdc.cncb.ac.cn/biosample/browse/SAMC04905
2), were included [18].

Data processing

The donkey reference genome, GCA_016077325.1, was
obtained from the NCBI website (https://www.ensem
bl.org/) [19]. Quality control of the raw data was per-
formed using Trimmomatic v.0.39 [20]. The clean data,
consisting of 150-bp paired-end reads, were aligned to
the GCA_016077325.1 reference genome using bwa
v.0.7.17 [21, 22]. Multiple alignments were filtered with
Samtools v.1.10 [23]. Single nucleotide polymorphism
(SNP) calling, genotyping, variant detection, and the
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Fig. 1 Geographic distribution of the studied Chinese donkey breeds showed in a partial map of China. HT and XJ indicate Hetian Gray donkeys and
Xinjiang donkeys in the Xinjiang Uygur Autonomous Region (purple), respectively; YN, Yunnan donkeys in Yunnan province (pink); GZ, Guanzhong don-
keys in Shaanxi province (light green); GL, Guangling donkeys in Shanxi province (deep green); DZ, Dezhou donkeys in Shandong province (blue); HBH,
Huaibei Gray donkeys in Anhui province (yellow)

quality control were performed using HaplotypeCaller,
SelectVariants, and VariantFiltration in GATK v.4.1.7.0
[24, 25]. The quality control criteria included filtering
based on sequencing depth (QD <2.0), mapping quality
(MQ<40.0), strand bias (FS>60.0, SOR >3.0), and rank
sum tests (MQRankSum < -12.5, ReadPosRankSum <
-8.0). These filtering criteria effectively eliminated low-
quality variant sites. SNPs were subsequently filtered
using plink v.1.9 [26] with the following criteria: (1)
SNPs detection rates below 85%; (2) SNPs with Hardy—
Weinberg equilibrium p-values<1x10~7; (3) SNPs miss-
ing>10% of their genotype data; and (4) SNPs with a
minor allele frequency<5%. Additionally, individuals
with >10% missing genotype data were excluded. After
quality control, 1,435,541 SNPs remained for further
analysis.

Population divergence

Based on the filtered SNPs, the merged SNP dataset was
converted using vcftools v.0.1.16 [27]. When construct-
ing the Neighbor-Joining (NJ) tree, we first extracted
SNP sites using whole-genome resequencing data and
calculated the genetic distance between these sites to

construct a distance matrix. This matrix was then clus-
tered using the NJ method, resulting in the NJ tree that
reflects the genetic relationships among various donkey
breeds. The NJ tree allows for an intuitive observation of
the genetic relationships and distances between Hetian
Gray donkeys and other donkey breeds. The NJ tree was
constructed using the seqboot, dnadist, neighbor, and
consense procedures in phylip v.3.698 [28]. The resulting
tree file was uploaded to iTol for visualization [29].

A genetic relationship matrix was generated with
gctab64 v.1.92.4 [30]. The principal component analysis
(PCA) was conducted to compute the principal compo-
nents of the genetic relationship matrix, and the results
were visualized using the ggplot2 package in R v.4.4.0
[31].

ADMIXTURE analysis is a population structure anal-
ysis tool based on Bayesian statistical methods, which
utilizes whole-genome resequencing data to infer the
genetic composition and ancestral origins of each sam-
ple. In this study, we employed ADMIXTURE analysis
to investigate the population structure of Hetian Gray
donkeys alongside other donkey breeds, thereby eluci-
dating the genetic composition and origins of the Hetian
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Gray donkeys. Ancestry clustering and genetic structure
assessment were performed using ADMIXTURE v.1.3.0
[32], with the number of putative ancestors (K) ranging
from 2 to 4. The optimal K value was estimated using
cross-validation (CV), and visualization was conducted
using the Structure Selector tool [33].

LD decay

PopLDdecay v.3.41 was employed to assess the linkage
disequilibrium (LD) in the Hetian Gray donkey and other
indigenous breeds [34]. The LD decay map was created
using the Plot_MultiPop.pl script, which facilitated the
analysis of selection intensity across subpopulations dur-
ing evolution. The results were visualized using R scripts.

Identity by descent

IBDLD v.3.37 [35] was used to conduct an identity by
descent (IBD) analysis. Haplotype frequencies shared
between the Hetian Gray donkey and other donkey
breeds within a 10,000 bp region were estimated using
the software with the following parameters: “-plink bf int
evolution-method GIBDLD - ploci 10 - nthreads 24 - step
0 - hiddenstates 3 - segment-length 10 - min 0.8” The
normalized IBD (nIBD) was calculated as nIBD =cIBD/
tIBD, where cIBD represents the count of IBD haplo-
types between the Hetian Gray donkey and other breeds,
and tIBD is the total number of pairwise comparisons
between them.

Estimation of possible ancestry with formal test of
ADMIXTURE

The f4 ratio estimation calculates relatedness coeffi-
cients based on allele frequencies, providing insights into
genetic differences and gene flow between populations.
The f4 ratio algorithm (f4 ratio=f4(A, O; X, C)/f4(A, O;
B, C)) from the ADMIXTOOLS Software Package was
used to infer the ancestry of the Hetian Gray donkey [36].
In this analysis, the Hetian Gray donkeys were designated
as the target population (X), with Xinjiang donkeys (C) as
the presumed ancestor.

Selection signature in Hetian Gray donkeys

To identify genomic regions associated with selec-
tion in Hetian Gray donkeys, we calculated the popula-
tion differentiation statistic (Fgy). Fgp values between
Hetian Gray donkeys and Xinjiang donkeys were com-
puted using a sliding 50-kb window with a 10-kb step
in vcftools-0.1.16 [27]. To focus on the most significant
region of the selection, genes located in the top 0.1% of
regions with significantly high F¢; values were subse-
quently annotated to the donkey reference genome.
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Results

Population genetic relationships between the Hetian Gray
Donkey and other Chinese Indigenous Donkey breeds

The results of the NJ tree analysis (Fig. 2) demonstrated
a clear clustering distinction between the CDBs and the
wild donkeys. The phylogenetic tree revealed that the
Hetian Gray donkeys clustered closely with both the
Xinjiang donkeys and the Guanzhong donkeys, indicat-
ing close genetic links among these breeds. Consistently,
the PCA results (Fig. 3) also showed that the Hetian Gray
donkeys are clearly distinct from the outgroup, while
clustering with other CDBs. Similar patterns were also
observed in the ADMIXTURE analysis. The ADMIX-
TURE ancestral component analysis revealed that the
cross-validation (CV) error was minimized at K=2
(Fig. 4A), and the result indicates that the Hetian Gray
donkeys share the similar genetic background with most
of other CDBs including the Xinjiang donkeys and the
Guanzhong donkeys. Nevertheless, to explore potential
admixed population structures and avoid bias, results
for K values as 3 and 4 were also presented (Fig. 4B).
For instance, when K=3, the Hetian gray donkey shows
significant different components of ancestry from other
studied populations, which may reflect that the breed had
undergone isolation in the past, and the genetic similarity
between the Hetian gray donkeys and the Xinjiang don-
keys may reflect historical gene flow or shared ancestry
at K=4. These findings align with the results from the NJ
tree and PCA, demonstrating that Hetian Gray donkeys
and Xinjiang donkeys share a very similar genetic back-
ground, while a clear genetic distinction exists between
the CDBs and wild donkeys. The analysis of LD revealed
that the Hetian Gray donkeys have a more rapid LD
decay than other breeds except for the Dezhou donkeys
and the Yunnan donkeys (Fig. 5).

Identity by descent analysis of the Hetian Gray Donkey

In this study, IBD was used to explore the relationship
between the Hetian Gray donkeys and other CDBs. The
results revealed that the Hetian Gray donkeys showed
highest shared IBD with Guanzhong donkeys, followed
by Huaibei Gray donkeys, Xinjiang donkeys, Guangling
donkeys, Dezhou donkeys and finally Yunnan donkeys
(Fig. 6).

Estimation of possible ancestry with formal test of
ADMIXTURE

The f4 ratio estimation algorithm was applied to estimate
of possible ancestry of the Hetian Gray donkeys. In the
output of the analysis, the greater the f4 ratio, the more
likely it is that the B breed in the algorithm and the Xin-
jiang donkeys are the ancestors of the Hetian Gray don-
keys. The results showed that the Xinjiang donkey and
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Fig.2 NJtree of the Hetian Gray donkey and other studied donkey breeds. YN indicates Yunnan donkeys; HT, Hetian Gray donkeys; DZ, Dezhou donkeys;
GL, Guangling donkeys; GZ, Guanzhong donkeys; XJ, Xinjiang donkeys; HBH, Huaibei Gray donkeys; kiang, Equus kiang; somali, Equus africanus somaliensis

the Guanzhong donkey are the most likely ancestors of
the Hetian Gray donkey (Table 1).

Detection for signatures of selection

Fgr was calculated for each SNP between the Hetian Gray
donkeys and the Xinjiang donkeys. Annotation was car-
ried out for the genes in the top 0.1% of the F¢p, and a
total of 81 genes were identified, including the previously
reported genes associated with body size, such as TBX3,
LCORL, NCAPC, and FAMI184B [37-39]. The strong
selection was detected on EAA8 (Equus asinus autosome
8), EAA9 and EAA28. The most significant selection
signature was detected in the region between 4,900,001
and 4,950,000 bp on EAA9, which harbors the conserved
oligomeric Golgi complex subunit 6 (COG6) gene, a gene
related with congenital disorders of glycosylation (CDG)
in human beings (Fig. 7) [40, 41].

Discussion

The genetic relationships between the Hetian Gray
Donkeys and other Donkey populations

The Hetian Gray donkeys are primarily distributed in
Hetian County in the south of Xinjiang Uygur Autono-
mous Region. As Hetian was a prominent pivot along
the Silk Road and donkeys played an important role in
ancient commerce, it is crucial to investigate the genetic
relationships between the Hetian Gray donkeys and other
donkey breeds along this ancient route [42]. Due to the
lack of systematic records documenting the history of
the Hetian Gray donkey, it is a practicable resolution to
reveal the origin of the Hetian Gray donkey with genomic
data.

NJ tree, PCA, ADMIXTURE, and IBD analyses consis-
tently indicate that the Xinjiang donkey and the Guan-
zhong donkey are the two indigenous donkey breeds
most closely related to the Hetian Gray donkey. Most



Li et al. BMC Genomics (2025) 26:428

A
0.3 |
(
0.2
o
3 od ot
@ | & — —
i ‘
3 0 L ' [ ]
= 'h e
‘ population
oA ®-
® =
-06
o 04 & w
‘¥
=0. <
N . —~ 2 & -
PCrp, S0 9 o
11%) NS

Page 6 of 10

e SR te o

PC2(1.28%)

0.50

PC1 (2.11%)

Fig. 3 PCA for the studied donkey breeds. A and B showed the results of 3D and 2D PCA, respectively. YN indicates Yunnan donkeys; HT, Hetian Gray
donkeys; DZ, Dezhou donkeys; GL, Guangling donkeys; GZ, Guanzhong donkeys; XJ, Xinjiang donkeys; HBH, Huaibei Gray donkeys; kiang, Equus kiang;
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Fig.4 ADMIXTURE analysis for the studied donkey breeds. (A) Cross-validation for each run in ADMIXTURE analysis. (B) ADMIXTURE analysis results of the
studied donkey breeds. YN indicates Yunnan donkeys; HT, Hetian Gray donkeys; DZ, Dezhou donkeys; GL, Guangling donkeys; GZ, Guanzhong donkeys;
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local donkey breeds tended to cluster together in PCA,
which is consistent with the results of the ADMIXTURE.
These results may be attributed to common ancestral lin-
eages shared by most CDBs. Historical records suggest
that earliest domesticated donkeys in China were found
in southern Xinjiang, and then spread into other regions
through Gansu and Shaanxi provinces [43—45].

As the Hetian Gray donkey is the only large-body-size
donkey breed in the south of Xinjiang, a hypothesis was
proposed that the Hetian Gray donkeys arose from the
hybridization of wild donkeys with Xinjiang donkeys [2].
In the present study, we included Equus kiang as its dis-
tribution overlaps that of the Hetian Gray donkey and
the Xinjiang donkey. However, our results showed that
the Hetian Gray donkeys have distant genetic relation-
ship with the Equus kiang, which is the only wild donkey
population distributed in the south of Xinjiang province,

and thus denied the hypothesis. Based on our genomic
evidence, the Hetian Gray donkeys have close genetic
relationship with domestic donkey breeds, especially
the Xinjiang donkey and the Guanzhong donkey, and
our results suggest that the Hetian Gray donkeys have a
native origin.

The impact of the ancient trade routes on the Hetian Gray
donkeys

The distribution area of the Hetian Gray donkey breed is
located at the core of the ancient Silk Road, a trade route
that spanned from China to the Eurasian continent [46].
The Silk Road was not only a channel for the exchange of
goods but also a crucial route for the migration of people
and livestock. Donkeys, as important pack animals at the
time, were widely used for transportation along the route.
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Their endurance, adaptability, and ease of care made
them indispensable pack animals of the trade.

The original distribution area of the Guanzhong don-
key breed was near Xian, the eastern end of the Silk
Road. Xi'an was not only a major capital during the Han
and Tang dynasties but also a prosperous commercial
center of the Silk Road, and there were close trade links
between Xi'an and Hetian [47]. These frequent trade and
migration activities between the two areas may promote
the exchanges of livestock along the ancient trade route,
and may have facilitated gene flow into the Hetian area,
ultimately contributing to the formation of the Hetian
Gray donkey (Fig. 8).

Though comprehensive analyses of genomic data were
performed regarding the genetic relationship between
the Hetian Gray donkeys and other donkey popula-
tions in the present study, some limitations should be
addressed. The unequal sample size of the studied pop-
ulations may lead to bias of the LD decay results. The
sequencing depth of most studied populations is 5x,
which limits some in-depth analysis of the genomic data.
Further studies, using larger and even sample sizes and
deep sequencing data, and ideally including archeologi-
cal evidence, are still needed to reveal the details of the
origin of the Hetian Gray donkeys.

Selective signature at the genome level of the Hetian Gray
Donkey

Population analyses have revealed that the Hetian Gray
donkey has the closest genetic relationship with the Xin-
jiang donkey. However, they are regarded as two dis-
tinctive breeds due to the much different phenotypes
of exterior appearance between them. It was speculated
that the two breeds had been selected differentially for
the phenotypes, though they may origin from common
ancestries [3]. Our analysis of the genomic selective sig-
nature showed that the genes related with body sizes had
been subjected to selection for the two populations, and
it is accordant with the fact that the Hetian Gray donkeys
feature their larger body sizes while the Xinjiang donkeys
usually have a small stature. Besides the known genes
associated with the body sizes, such as TBX3, LCORL,
NCAPC, and FAM184B [37-39], a new gene COG6 was
identified in the most significant selected region of the

Table 1 Estimation of the genome-wide possible ancestry of the Hetian Gray donkeys

A (o} X C A o B C F4 Rate Std.err Z(null=0)
GL WD HT XJ GL WD GZ XJ 14017 0.0808 17.36
GL WD HT XJ GL WD YN XJ 0.7876 0.0277 2843
GL WD HT XJ GL WD Dz XJ 0.6225 0.0170 36.52
GL WD HT XJ GL WD HBH XJ 0.6893 0.0194 35.56

Note: A, the least likely ancestor of the Hetian Gray donkey, and the Guangling donkey (GL) was selected as A; O, wild donkey (WD); X, target breed, Hetian Gray
donkeys (HT); C, the most likely ancestor of the Hetian Gray donkey, the Xinjiang donkey (XJ); B, the possible ancestor to be tested, including the Guanzhong donkey
(GZ), the Yunnan donkey (YN), the Dezhou donkey (DZ) and the Huaibei Gray donkey (HBH)
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Fig. 8 The migration of the Guanzhong donkey along the Silk Road trade routes showed in a partial map of China. The red dot indicates Xi‘an city; the
orange dot, Hetian area; the white line, the Silk Trade Routes within China; The red dashed line, the possible migration route of the Guanzhong Donkey;
Shaanxi province, Gansu province and the Xinjiang Uygur Autonomous Region are represented in green, light green, and light blue, respectively

genome. COG6-CDG is a kind of disorder caused by
COG6 deficiency in human beings. COG6-CDG leads to
retardation, developmental disability, and other symp-
toms [48], which suggests the function of COG6 related
with body growth. COG6 may serve as a new candidate
gene for body sizes in donkeys.

The conservation of the Hetian Gray Donkey

The Hetian Gray donkeys were officially identified as a
new breed in 2006 [3]. It had been used as labor animals
but now more and more Hetian Gray donkeys are bred
for milk and meat production. In this study, the Hetian
Gray donkeys exhibited a low decay rate of the linkage
disequilibrium compared to most other CDBs. This sug-
gests that the Hetian Gray donkey has not undergone
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intensive breeding activities, and has the potential to be
further improved on its economic traits. However, there
are now only approximately 3,000 Hetian Gray donkeys
in Hetian area, and the population is still decreasing in
recent years. Efficient conservation efforts should be
made to protect this special local breed.

Conclusion

The Hetian Gray donkeys share a close genetic relation-
ship with indigenous Chinese donkey breeds, and Xinji-
ang donkeys and Guanzhong donkeys played a significant
role in the formation of the Hetian Gray breed. The genes
related with body sizes were selected in the breeding
activity of the Hetian Gray donkeys, and contributed on
the large stature of the breed.

Abbreviations
CDB Chinese indigenous donkey breed

CDBs Chinese indigenous donkey breeds
SNPs Single nucleotide polymorphisms
SNP Single nucleotide polymorphism
LD Linkage disequilibrium

cv Cross-validation

PCA Principal Component Analysis

IBD Identity by descent

NJ Neighbor-Joining

EAA8 Equus asinus autosome 8

COG6  Component of Oligomeric Golgi Complex 6
CDG Congenital disorders of glycosylation
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