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The diversity of livestock coat color results from human positive selection and is an
indispensable part of breed registration. As an important biodiversity resource, Asiatic wild
ass has many special characteristics, including the most visualized feature, its yellowish-
brown coat color, and excellent adaptation. To explore the genetic mechanisms of
phenotypic characteristics in Asiatic wild ass and its hybrids, we resequenced the
whole genome of one Mongolian Kulan (a subspecies of Asiatic wild ass) and 29 Kulan
hybrids (Mongolian Kulan _×Xinjiang\), and the ancestor composition indicated the true
lineage of the hybrids. XP-EHH (Cross Population Extended Haplotype Homozygosity), θπ-
ratio (Nucleotide Diversity Ratio), CLR (Composite Likelihood Ratio) and θπ (Nucleotide
Diversity) methods were used to detect the candidate regions of positive selection in
Asiatic wild ass and its hybrids. Several immune genes (DEFA1, DEFA5, DEFA7, GIMAP4,
GIMAP1, IGLC1, IGLL5,GZMB andHLA) were observed by the CLR and θπmethods. XP-
EHH and θπ-ratio revealed that these genes are potentially responsible for coat color
(KITLG) and meat quality traits (PDE1B and MYLK2). Furthermore, the heatmap was able
to show the clear difference in the haplotype of the KITLG gene between the Kulan hybrids
and Asiatic wild ass group and the Guanzhong black donkey group, which is a powerful
demonstration of the key role of KITLG in donkey color. Therefore, our study may provide
new insights into the genetic basis of coat color, meat quality traits and immunity of Asiatic
wild ass and its hybrids.
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INTRODUCTION

Coat color is one of the most visualized breed features of livestock. Long-term natural selection
allows animals to have a variety of coat colors, which has become the focus of animal breeding
research. KIT gene plays a vital role in the occurrence of animal coat color, and it is the pigmentary
switch in domestic animal species (Klungland and Vage, 2003). The diversiform coat color
phenotypes segregating in Duroc hybrid pigs demonstrated that KIT is responsible for the
complex variation (Wu et al., 2019). In addition, the coat color phenotypes of several species
showed an indispensable association with the KIT gene (Zhang et al., 2015; Anello et al., 2019; Voß
et al., 2020; Wen et al., 2021). The KITLG gene encodes the KIT ligand protein, which has a vital
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function in the pigment formation process (Yang et al., 2018).
The research of KITLG has made some achievements in terms of
mammalian coat color. The hair color of humans living in Europe
is impacted by the regulatory region and variant ofKITLG (Sulem
et al., 2007; Guenther et al., 2014). A selection signature study in
indigenous Chongming white goats indicated that KITLG was
strongly selected and is also crucial for pigment intensity in dogs
(Gao et al., 2020; Weich et al., 2020). A previous study indicated
that several ROHs (Runs of homozygosity, ROH) exist in the
KITLG region in horses (Metzger et al., 2015). A genome-wide
study of six donkey breeds in China revealed KITLG as a
candidate gene for donkey color, and the formation
mechanism of diluted gray pigmentation (Dun phenotype) in
wild ass has been reported (Wang et al., 2020; Zhou et al., 2020);
however, there are few studies on the coat color of Asiatic wild ass.

The domestication of donkeys promoted early human
communication, trade and transportation. Domestic donkeys
are a significant transport and economic animal in China, and
they are concentrated between 32° and 42° north latitude.
Domestic donkey lives in dry and warm climates in northwest,
north and southwest China (Chang, 2011). The ancestors of
modern domestic donkeys are considered to be Nubian wild
ass (Equus africanus africanus) and Somali wild ass (Equus
africanus somaliensis) (Rosenbom et al., 2015), which are
subspecies of African wild ass. Mongolian kulan (Equus
hemionus hemionus) is a kind of subspecies of Asiatic wild ass
(Oakenfull et al., 2000), and it is distributed in central and western
Asia (Richard et al., 2001). The Gobi regions in Inner Mongolia,
Gansu and Xinjiang of northern China constitute the most
important remaining stronghold of the Mongolian kulan
(Gerritsmann et al., 2016). Kulan is a representative species in
deserts (Zhang et al., 2020). They live in harsh natural conditions,
can adapt to dry environments nicely, and have the habit of
seasonal short-distance migration and cluster activities. Xinjiang
donkey is an excellent miniature local breed in China and is
mainly distributed in Hotan, Kashgar and Aksu of the Xinjiang
Uygur Autonomous Region (Lei et al., 2005). Mongolian Kulan
has an earthy yellow coat on its back and a white belly, which is
typical of its appearance, but Xinjiang donkey has a mainly gray
coat. Interestingly, the hybrid populations of Mongolian kulan
male parents and Xinjiang donkey female parents showed highly
similar coat color characteristics to kulan, and this color was
highly consistent within Kulan hybrid population
(Supplementary Figure S1). There is not precedent for
introducing the wild donkey lineage to improve domestic
donkeys. In addition, it would be of interesting to assess if
Kulan hybrids could produce better meat and skin products
than the domestic breeds currently being exploited in China.
Therefore, an initial genetic characterization of the Kulan hybrid
ass population, as the one here presented, can provide a reference
for breeding strategies in this species.

Whole-genome sequencing is an important method to
evaluate species population structure and population patterns
and identify genome regions related to important economic and
environmental adaptation traits. We resequenced the whole
genome of Mongolian kulan and 29 Kulan hybrids from
Qinghe, Altay region, Xinjiang. The results are expected to

fully describe the genomic diversity and population structure
of this hybrid population and reveal possible signs of natural or
artificial selection. For a meaningful exploration of the formation
mechanism of hybrid coat color and other traits, it is necessary to
conduct in-depth research.

MATERIALS AND METHODS

Sample Collection and Sequencing
We sampled oneMongolian kulan and 29 Kulan hybrids from the
farm of Qinghe Mengyuan Biological Technology Co., LTD.
(Qinghe, Altay region, Xinjiang) and extracted genomic DNA
from ear tissue by the standard phenol-chloroform protocol
(Chen, 1995). Paired-end libraries with an average insert size
of 50 bp were constructed for each individual, with an average
read length of 150 bp. Whole genome re-sequencing was
performed by Illumina HiSeq2000 at Novogene Bioinformatics
Institute, Beijing, China.

To determine the ancestry proportion of the Kulan hybrids
and their genetic differences to other donkeys (Supplementary
Table S1), we chose an additional 28 individuals, including
Guanzhong donkey (n = 10), Xinjiang donkey (n = 6), Equus
africanus (n = 8), and Asiatic wild ass (n = 4).

Alignments and Variant Identification
After performing quality controls, the cleaned reads were aligned
against the Equus asinus reference assembly EquAsi1.0 (https://
ftp.ncbi.nlm.nih.gov/genomes/all/GCF/016/077/325/GCF_
016077325.2_ASM1607732v2/GCF_016077325.2_
ASM1607732v2_genomic.fna.gz) using BWA-MEN (Li and
Durbin, 2009) with default settings. Duplicate reads were
filtered by Picard tools (http://broadinstitute.github.io/picard),
and we used the Genome Analysis Toolkit (GATK, version 3.8)
(McKenna et al., 2010) to detect single nucleotide polymorphisms
(SNPs). After SNP calling, we used the “VariantFiltration” to
discard sequencing and alignment artifacts from the SNPs with
the parameters“QD < 2.0, FS > 60.0, MQ < 40.0, MQRankSum <
−12.5, ReadPosRankSum < −8.0 and SOR >3.0” and mean
sequencing depth of variants (all individuals) “<1/3× and
>3×”. Then, the annotation file of the reference genome
(https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/016/077/325/
GCF_016077325.2_ASM1607732v2/GCF_016077325.2_
ASM1607732v2_genomic.gff.gz) was used to obtain functional
annotation of the polymorphic sites in all individuals using
SNPeff. All the SNPs were counted by effects (downstream_
gene_variant, intron_variant, etc) and genomic region
(downstream, exon, intron, ect).

Phylogenetic and Population Structure
Analyses
Neighbor-joining (NJ) tree, PCA, and ADMIXTURE methods
were used to account for the genetic relationships between
Mongolian Kulan ass and the Mongolian Kulan hybrid
populations. An unrooted NJ tree based on the matrix of
pairwise genetic distances from the autosomal SNP data of 58
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donkeys was constructed by PLINK v1.9 (Purcell et al., 2007) with
the parameter (-indep-pair-wise 50 5 0.2) and visualized by
MEGA v7.0 (Kumar et al., 2018) and FigTree v1.4.3 (http://
tree.bio.ed.ac.uk/software/figtree/). The SNPs data was pruned by
PLINK to perform Principal Component Analysis (PCA) and
ADMIXTURE analysis. PCA was constructed using the
smartPCA program of EIGENSOFT v5.0 (Patterson et al.,
2006), and ADMIXTURE v1.3 (Alexander and Lange, 2011)
was used for the construction of the population structure.

Genetic Diversity, Linkage Disequilibrium
and Runs of Homozygosity Detection
We calculated the nucleotide diversity for the 58 individuals with
50 kb windows and 50 kb increments using VCFtools (Danecek
et al., 2011). PopLDdecay (Zhang C et al., 2019) was used to
calculate and visualize the linkage disequilibrium (LD) decay with
default parameters. Runs of homozygosity (ROHs) can evaluate
the inbreeding degree of the population, and ROHs were
identified the --homozyg option implemented in PLINK with
the parameter (-homozyg-window-snp 50).

Genome-wide Selective Sweep Analysis
To detect selective sweeps in the studied Kulan hybrids, we used
Guanzhong donkeys as a reference population, as Guangzhong
donkeys are typical Chinese domestic donkeys (Shen et al., 2021)
and their black coats are highly constant in the Guanzhong
population. The four analysis methods used are described as
follows. Large differences in genetic diversity (θπ-ratio) were
calculated with 50 kb sliding windows and 20 kb steps along
the autosomes using VCFtools and in-house scripts. Cross
Population Extended Haplotype Homozogysity (XP-EHH)
based on the extended haplotype statistics for population pairs
was conducted by selscan v1.1 with 50 kb windows (Szpiech and
Hernandez, 2014). For the XP-EHH selection scan, our test
statistic was the average normalized XP-EHH score in each
50 kb region. The composite likelihood ratio (CLR) uses
information from allele frequencies to detect selective scans
and relies on determining skews in the allele spectrum to bias
rare and frequent alleles, and the CLR test was calculated for sites
in non-overlapping 50 kb windows by using SweepFinder2 (Vy
and Kim, 2015). The θπ test calculates the nucleotide diversity to
explain the base diversity of the genome within the population,
and we performed SweeD (Pavlidis et al., 2013) for θπ with 50 kb
windows. All the SNPs identified after GATK and variant quality
control (excluding those located on chromosomes X, Y and
mitochondrial DNA) were used to perform a genome-wide
selection sweep analysis with the four analysis methods
previously described. The top 0.05% candidate windows
identified by the different methods were considered as
potential candidate selection sweep regions. The detection of
selective clearance is to scan the gene sequence regularly through
a fixed scale, and the window is the scale which the software scans
the genome at a time. Bedtools (Quinlan and Hall, 2010) was used
for the annotation of candidate windows. To gain a better
understanding of the biological functions and pathways of the
identified candidate genes, Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway analyses was performed using
KOBAS 3.0 (Xie et al., 2011). Only FDR (false discovery rate,
FDR) corrected p-values < 0.05 will be considered and given in
the supplementary table.

In the present study, 58 whole genomes of donkeys were
analyzed. The potential signatures of positive selection between
the Kulan hybrids and Guanzhong donkey were evaluated by θπ-
ratio and XP-EHH, and CLR and θπ revealed the selection
pressure within the Kulan hybrids.

RESULTS

Resequencing of the Kulan Hybrids and
Variant Identification
A total of 30 resequenced data datasets, including 1 Mongolian
kulan and 29 Kulan hybrids (Supplementary Table S1), were
combined with 28 samples from published data (Africa wild ass =
8, Guanzhong donkey = 10, Xinjiang donkey = 6, Asiatic wild ass
= 4) (Supplementary Table S2) to form a 58-individual dataset,
in which the average depth of the reads was approximately 12.6×
coverage. Overall, 6.2 billion clean reads were generated, and the
average alignment rate was 99.6% in the 30 individuals
(Supplementary Table S1). Using GATK, we detected
23520252 biallelic SNPs in all individuals, and then we
annotated them (Supplementary Table S3). The annotated
results indicated 209262 SNPs distributed in exons and
7266346 SNPs distributed in introns.

Phylogenetic Relationship, Principal
Component Analysis and Population
Structure
Based on the genomic SNPs, we built a neighbor-joining (NJ)
tree, principal component analysis and ADMIXTURE
(Figure 1). In the NJ tree, all the Kulan hybrids formed a
separate branch, and the branch of African wild ass was close to
Chinese domestic donkeys, which included Xinjiang and
Guanzhong donkeys. In addition, the Asiatic wild ass was far
from the others (Figure 1A). The PCA provided similar results
(Figure 1B). The first principal component, explaining 10.22%
of the total variation, separated Chinese domestic donkeys and
African wild ass from Asiatic wild ass and the Kulan hybrids,
and the third PC, explaining 4.65% of the total variation, could
dissociate Chinese domestic donkeys from African wild ass. In
the ADMIXTURE analysis (Figure 1C), when K = 2, the African
wild ass lineage and Asiatic wild ass lineage could be
distinguished. The Asiatic wild ass, African wild ass and
Chinese domestic ass can be distinguished at K = 3 (the
lowest CV error, Supplementary Table S4), while the Asiatic
wild ass lineage and the Chinese domestic donkey lineage had
similar proportions in the Kulan hybrids. There was no doubt
that the Kulan hybrids were influenced by the African wild ass,
because the African wild ass was the ancestor of the Chinese
domestic donkey (Beja-Pereira et al., 2004; Rossel et al., 2008).
When K = 4, Asiatic wild ass, African wild ass, Chinese domestic
donkey and the Kulan hybrids were independent of each other.
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Patterns of Genomic Variation
Runs of homozygosity (ROHs) can evaluate the inbreeding
degree of a population. We identified the length of ROHs into
five types: <0.5 Mb, 0.5–1 Mb, 1–2 Mb, 2–4 Mb, and >4 Mb
(Figure 2A). Long ROH fragments reflect inbreeding of recent
generations, while short ROH fragments indicate inbreeding of
distant generations, because the shorter the generation is, the less
likely the ROH fragment will be interrupted by recombination.
The majority of ROHs we identified in the five breeds were
between 0.5–1 Mb. The length of ROHs in African wild ass and
the hybrid population was longer than that in the other

populations, which suggests that they have inbred in recent
generations (Figure 2B). For nucleotide diversity, the Kulan
hybrids had the highest value, while the African wild ass had
the lowest value (Figure 2C). Linkage disequilibrium decay
indicates that the genetic diversity of hybrid populations is
high due to artificial hybridization, while African wild ass has
the fastest rate of decay (Figure 2D).

Genome-wide Selective Sweep Test
We applied CLR and θπ methods to detect genomic regions
related to selection in the Kulan hybrids. The top 0.05% of

FIGURE 1 | The genetic structure of the donkey populations. (A) Neighbor-joining tree of the phylogenetic relationships identified among 58 donkeys analyzed,
distributed as 8 E-AA in blue (Africa wild ass, Equus-asinus-africanus), 10 Guanzhong in purple (Chinese donkey breed), 6 Xinjiang in green (Chinese donkey breed),
5 E-HH in yellow (Asiatic wild ass, Equus-hemionus), 29 Kulan hybrids in red (Mongolian Kulan_×Xinjiang\). (B) Principal Component Analysis of 5 donkey breeds. (C)
Bayesian model-based clustering (from K = 2 to K = 4) of 58 donkeys.
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windows detected by the two methods were considered candidate
regions in the Kulan hybrids. A total of 301 genes were detected
by θπ (Supplementary Table S5), and 249 genes were detected by
CLR (Supplementary Table S6). After overlapping, 77 genes
shared by the two methods were obtained (Supplementary Table
S7), which included several significant immune genes (DEFA1,
DEFA5, DEFA7, GIMAP4, GIMAP1, IGLC1, and IGLL5).
Numerous studies have shown that these genes play an
integral role in the immune response. The hybrid population
may have inherited the strong immunity of the Asiatic wild ass
against natural pathogens. After enrichment analysis these 77
genes by KOBAS, we obtained 20 significant KEGG pathways
when the corrected p-value < 0.05 (Supplementary Table S8).

XP-EHH and θπ-ratio are the methods that detect the selective
sweep regions between two populations. With Guanzhong
donkey as the reference population, a total of 790
(Supplementary Table S9) and 782 genes (Supplementary
Table S10) were obtained using θπ-ratio and XP-EHH,
respectively, while 346 genes were common (Supplementary
Table S11). We performed functional enrichment to the 346
genes using KOBAS (http://kobas.cbi.pku.edu.cn/) to find vital
KEGG pathways, and there were 11 pathways in the enrichment
results (Supplementary Table S12). “Melanogenesis” pathway is

essential for color phenotype in animals, and KITLG gene in the
pathway has been proved to be associated with the phenotype of
horse (Voß et al., 2020), donkey (Wang et al., 2020; Zhou et al.,
2020), human (Yang et al., 2018) and dog (Weich et al., 2020).

DISCUSSION

In ancient China, donkey provided an excellent approach to
servitude, but with the improvement of agricultural
mechanization, the donkey industry has expanded the
production of donkey skin and meat (Bennett and Pfuderer,
2020). This newer use of donkey poses a long-term challenge that
has led to poor donkey breeding at present.

Understanding the population structure of Kulan hybrids can
help to figure out the relatedness among the hybrids and other
donkey breeds. Under the circumstance of knowing the origin of
the Kulan hybrids, we built the NJ tree and performed PCA to
explore the pinpoint of the Kulan hybrids at the population level.
There was a clear distinction between the Kulan hybrids and the
two wild breeds. Furthermore, the Chinese domestic donkey
originated from the African wild ass (Beja-Pereira et al., 2004;
Rossel et al., 2008), which caused those individuals to gather in

FIGURE 2 | Summary statistics for genomic variation. (A) The distribution of the total number of ROHs across chromosomes. (B) The distribution of lengths of
ROHs in each breed. (C) Genome-wide distribution of nucleotide diversity of each breed in 50 kb windows with 50 kb steps. The horizontal line inside the box indicates
the median of this distribution; box limits indicate the first and third quartiles; and points show outliers. Data points outside the whiskers can be considered outliers. (D)
Genome-wide average LD decay estimated from each breed.
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one branch. The PCA was consistent with the NJ tree, and they
both explained the specificality of the Kulan hybrids. The regular
ADMIXTURE revealed the ancestral contributions of the Kulan
hybrids, and the Asiatic wild ass contributed almost equally to the
Kulan hybrids as the Chinese domestic donkey. Remarkably, a
small portion of African wild ass SNPs existed in the Kulan
hybrids at K = 3 (the lowest CV error), which agreed with the
origin of the Chinese domestic donkey.When K = 4, the existence
of the African wild ass lineage also revealed the uneven
distribution of Xinjiang donkey in the NJ tree.

The length of ROH fragments can infer the history of
inbreeding. Long ROH fragments reflect inbreeding in recent

generations, while short ROH fragments indicate inbreeding in
distant generations, because the shorter the generation is, the
lower the possibility that the ROH fragments are interrupted by
recombination (Ceballos et al., 2018). Because of the small
number of wild donkeys in this study and the great differences
among wild donkey subspecies, the results in Figure 2B are not
satisfactory. Nucleotide diversity is used to describe the strength
of polymorphisms in a population (Nei and Li, 1979). The Kulan
hybrids had the highest nucleotide diversity and this was
significantly higher than other populations with strong linkage
to hybridization events. In addition, the patterns of LD were
consistent with the nucleotide diversity results.

FIGURE 3 | Analysis of the signatures of positive selection in the genome. (A)Manhattan plot of selective sweeps. (B) Venn diagram showing the genes overlapping
among θπ, CLR, θπ-ratio and XP-EHH. (C) Linkage disequilibrium analysis of the SNPs in KITLG regions.
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In the process of natural selection, positive selection usually
results in a decrease in genetic polymorphism of the selected sites,
while the accumulation of favorable mutations often leads to a
hitchhiking effort or a selective sweep (Satta et al., 2018). Here, we
used four methods to detect selective sweep regions, including θπ,
CLR, XP-EHH and θπ-ratio.

To determine selective sweeps within the hybrid population, CLR
and θπmethods were applied, and we observed 77 overlapping genes
with bothmethods (Figure 3B).We focused on the function of the 77
genes, and some of them belong to the same family. Defensins are a
family of antimicrobial and cytotoxic peptides thought to be involved
in host defense (Holly et al., 2017), and we obtained three defensin
genes (DEFA1, DEFA5, and DEFA7) that had strong signals of
selection. In addition, previous studies have shown that DEFA1 is
crucial for the immunity of horses (Bruhn et al., 2009; Schlusselhuber
et al., 2012). GIMAP4 and GIMAP1 belong to the GTP-binding
superfamily and to the immunoassociated nucleotide (IAN)
subfamily of nucleotide-binding proteins, which are most highly
expressed in immune system cells and involved in T/B-cell
development and survival (Heinonen et al., 2015; Saunders et al.,
2010). IGLC1 and IGLL5 focused on the transcription of
immunoglobulins, which are essential for antigen-specific binding
in the process of immunity. For the results of KEGG enrichment
analysis, most of these pathways are related to immunity, and we
want to highlight HLA-C, HLA-A and GZMB, because these genes
were obtained in several immune-related KEGG pathways (“Type I
diabetes mellitus”, “Allograft rejection”, “Graft-versus-host disease”,
“Autoimmune thyroid disease”, “Natural killer cell mediated
cytotoxicity”). Human Leukocyte Antigen A (HLA) is also called
Major Histocompatibility Complex (HMC), which has been proved
to be involved in disease resistance in livestock (Minke et al., 2004;
Mikko et al., 1999). GZMB encodes a member of the granzyme
subfamily of proteins and part of the peptidase S1 family of serine
proteases (Turner et al., 2019), and GZMB was identified by the four
methods simultaneously. GZMB is associated with human
autoimmune diseases (Xu et al., 2018; Jeong et al., 2021) and
essential effector molecules for natural killer (NK)-cell cytotoxicity
(Kim et al., 2011). The resistance of cattle to nematode infection and
innate immunity requires the participation of GZMB (Van Meulder
et al., 2013). In xenotransplantation, GZMB is often regarded as an
important research object (Rodríguez-Gago et al., 2001; Matter-
Reissmann et al., 2002). These studies can properly support the
key role ofGZMB in immunity, so the level of immunity of the hybrid
population deserves further investigation. Asiatic wild ass has lived in
southern Mongolia and northern China for a long time, and these
areas have a harsh climate and natural environment. Without good
artificial care, Asiatic wild asses struggle with various diseases and
emergencies. There is a broad consensus that heterosis is an
important method of animal genetic improvement, so Kulan
hybrids may inherit strong immunity through hybridization. As a
significant economic trait of livestock, disease resistance is considered
the focus of breeding efforts. Therefore, wild ass may be a crucial
genetic resource for improving the disease resistance of domestic
donkeys.

Because the Kulan hybrids that come fromMongolian kulan and
Chinese domestic donkeys, we chose Guanzhong donkey as the
reference population, which is the representative breed of Chinese

domestic donkeys (Shen et al., 2021). To understand the genetic
differences between the Kulan hybrids and Guanzhong donkey, θπ-
ratio and XP-EHHwere performed to find the genomic traces left by
selection. We performed enrichment analysis to the 346 overlapping
genes (Supplementary Table S11), then we obtained 11 KEGG
pathways when corrected p-values < 0.05(Supplementary Table
S12). In the results, we would like to highlighted several vital
terms identified by the analysis, which were “Calcium signaling
pathway”, “Regulation of actin cytoskeleton”, “Melanogenesis”.
Among these terms, in relation to the phenotypes for which the
two groups of animals compared in our pair-wise analyses differ, the
Kulan hybrids and Guanzhong donkey, we would highlight the
“Melanogenesis” pathway term (WNT2B, GNAO1, KITLG,
Camk2a, WNT6, DVL3). Coat color is the most visualized feature
of Asiatic wild ass and its Kulan hybrids. The coat color of the Kulan
hybrids is earthy yellow while the Guanzhong donkey is black.
Compared with Guanzhong donkey, KITLG was found in the top
0.5% of regions identified by both methods, then we built a heatmap
of haplotypes to verify its true distribution. It was obvious that the
Kulan hybrids and other populations had different patterns
(Figure 3C). The KITLG gene is located on chromosome 2 of
donkey, and KITLG have been proven to be involved in the
formation of coat color in several species (Anello et al., 2019; Voß
et al., 2020;Weich et al., 2020;Wen et al., 2021;Wu et al., 2019; Yang
et al., 2018). Furthermore, there have been some studies on donkey
and horse (Voß et al., 2020; Zhou et al., 2020). Therefore, our findings
may provide new insights into the coat color formation of Asiatic wild
ass and its Kulan hybrids. Besides, the “calcium signaling pathway”
(PDGFRB, Atp2b2, ATP2A3, PDE1B, Lap3, MYLK2, Camk2a,
P2RX1, ATP2B2, P2RX5) and “Regulation of actin cytoskeleton”
(PDGFRB, NCKAP1L, SOS1, MOS, Arhgef7, Lap3, MYLK2, ITGA5,
ITGAE) were also identified as the relevant terms based on the results
of the KEGG enrichment analyses. Interestingly, the “calcium
signalling pathway” and“Regulation of actin cytoskeleton” were
related to meat quality (Cao et al., 2019; Malila et al., 2020; Xia
et al., 2021) and from the mentioned genes we would highlight the
association previously reported for PDE1B andMYLK2. Haplotypes
based on the SNPs derived from a bacterial artificial chromosome
containing the bovine gene PDE1Bwere associated with traits related
to carcass fat (Stone et al., 2005) and the quantitative trait loci for fat
deposition and carcass traits have been identified in the vicinity of the
gene encoding PDE1B (Shin et al., 2012).MYLK2 genewas associated
with myosin components and may influence muscle development of
early porcine embryos throughmiRNA regulatory network (Zhang X
et al., 2019). Heterosis is common in animal breeding, and the Kulan
hybrids may be able to provide higher quality meat than the
Guanzhong donkey in point of genome-wide selective sweep test,
but further research is needed to confirm it. Because of the large wide
range of analyses presented here to assess the genetic diversity of the
considered populations, and considering that this is not a deep study
of selection sweep mapping, the results of the selection sweep
mapping regions were assessed only through the enrichment
analyses that have been discussed. However, it is important to
clarify that some of the selection sweeps may be related to target
selection genes that have not been highlighted by the global
enrichment analyses. This is the case of the LCORL gene which
was identified by both, the θπ-ratio and XP-EHH methods, as a
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candidate gene for a selection sweep located on chromosome 3. This
gene is known gene to regulate the body size of livestock species
(Makvandi-Nejad et al., 2012; Takasuga, 2016), and previous studies
have clearly shown the association between LCORL and donkey body
size (Shen et al., 2021). Xinjiang donkey is a typical small donkey
while Guanzhong donkey is a large breed, and the body size of Kulan
hybrids is similar with Xinjiang donkey. Therefore, the identification
of this selection sweeps confirms previous studies on the association
of LCORL and body size. In any case, as previously said, further
deeper analyses could be done on the selection sweeps reported here
with the objective of identifying potential causal gene and mutations
that could directly explain the selection signals here described.

Mongolian Kulan is an essential part of Asiatic wild ass, but
hunting and deteriorating living conditions have caused their
numbers to plummet leading them to nearly the level of a
threatened species in the International Union for Conservation of
Nature Red list. As donkey genetic resources are being exhausted,
breeding planning would help improve and conserve Chinese native
donkeys. For this purpose, our results provide a basis for exploring
the genomic characteristics of Asiatic wild ass and its Kulan hybrids
in relation to crucial economic traits.

CONCLUSION

Based on whole genome re-sequencing data, we provide an overview
of Asiatic wild ass and its hybrids. Population genetic structure and
genomic diversity analysis identified a new direction for the genetic
improvement of Chinese domestic donkeys. Furthermore, we
identified genes related to immunity, coat color and meat quality
in the Kulan hybrids and the results may serve as valuable resources
for research into disease-resistance breeding and the mechanism of
animal coat color formation.
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