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Abstract

To investigate the genetic diversity of Chinese indigenous horses and determine the genetic status of extant horse breeds, novel Y
chromosomal microsatellite markers and known Y chromosomal SNPs and mtDNA loop sequences, were employed to study the genetic
diversity levels of 13 Chinese indigenous horse populations and four introduced breeds. Sixteen Y-chromosomal microsatellite markers, in-
cluding seven newly identified loci, were used in the genotyping. The results showed that 4 out of the 16 loci were highly polymorphic in
Chinese indigenous horse populations, in which the polymorphisms of 3 loci, ECAYP12, ECAYP13, and ECAYCAU3, were first reported in
the present study. The polymorphic Y chromosomal microsatellite markers result in 19 haplotypes in the studied horses and formed 24 pa-
ternal lines when merged with the 14 Y chromosomal SNPs reported previously. The haplotypes CHT18 and SS24 harboring AMELY gene
mutation were the ancestral haplotypes, and other haplotypes were derived from them by one or more mutation steps. The horse popula-
tions in mountainous and remote areas of southwestern China have the most ancient paternal lines, which suggests that ancient pateral
lines preserved in local populations attributed to less human interventions. Our results also showed that the northern local breeds had
higher mtDNA diversity than the southern ones in China. The frequency of haplogroup B, F, and G of mtDNA in Chinese indigenous horses
has declined in recent years, and some breeds are in endangered status mainly due to small population sizes. Urgent actions should be
taken to conserve the genetic diversity of the indigenous horse populations, especially the rare paternal lines. Our findings help to eluci-
date the genetic diversity and evolutionary history of Chinese domestic horses, which will facilitate the conservation of the indigenous
horses in the future.
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Introduction

China had the largest number of horses in the world in the 1970s
according to the UN Food and Agriculture Organization (FAO, http://
www.fao.org/home/en/), but the horse population decreased by over
50% between 1977 and 2017 (FAO 2017; National Bureau of
Statistics, 2017). Although the total population size of Chinese
horses is still large, there were 11 horse breeds with small popula-
tion sizes, in each of which breeding stallions were less than 20. The
endangered and critical Chinese local breeds account for up to 26%
of the total horse populations in China (Scherf 2000; Chang 2011).
The genetic diversity in local livestock species was caused by
mutation, selective breeding, isolation, genetic drift, and
migration. The diversity provides valuable resources for breeding
programs and enables livestock populations to adapt as

environmental conditions change (Rischkowsky and Pilling 2007).
Studies of mtDNA revealed that extant horses have the highest
mtDNA diversity among domestic species (Vila et al. 2001; Jansen
et al. 2002; Cieslak et al. 2010), while notably low-genetic variation
was detected in horse Y chromosomes (Wallner et al. 2003, 2004;
Lindgren et al. 2004; Lippold et al. 2011; Rafeie et al. 2011;
Brandariz-Fontes et al. 2013; Wutke et al. 2018). Autosomal diver-
sity, revealed with polymorphism of autosomal markers, which is
partitioned among horse breeds and may reflect breeding activi-
ties (Vila et al. 2001), showed that the genetic diversity in horses
severely declined over the past 400years (Fages et al. 2019).
Nucleotide diversity of horse Y chromosome also had decreased
steadily for about 2000 years but dropped rapidly to present-day
levels only after 850-1350 CE (Fages et al. 2019).
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In some studies, no polymorphism of the horse Y chromosome
was identified by screening the sequence of chromosomes with
sequencing or genotyping microsatellite DNA markers (Wallner
et al. 2003; Lindgren et al. 2004; Rafeie et al. 2011; Brandariz-Fontes
et al. 2013). The first DNA variation of the horse Y chromosome, a
variant of Y chromosomal microsatellite (also called Y chromo-
somal short tandem repeat, Y-STR), was found in Chinese indige-
nous populations in 2010 (Ling et al. 2010). In the study conducted
by Wallner et al. (2013), only four polymorphic loci, including
three SNPs and a single base deletion, were found in the 181-kb
sequenced DNA region of the horse Y chromosome, resulting in 6
haplotypes, but no Y-chromosomal microsatellite variation was
detected. Following the above results, Han et al. studied the pater-
nal lines of Chinese indigenous horses and detected the same
three Y-chromosome DNA variants reported by Wallner et al
(2013), but they formed five haplotypes that were different from
those found in European horses (Han et al. 2015). Based on the ex-
tended male-specific Y (MSY) sequence scope, a number of Y
chromosomal SNPs (Y-SNPs) were identified in modern horses,
and it was also found that Asian horses have much higher diver-
sity than European breeds (Wallner et al. 2017; Felkel et al. 2018,
2019). Kreutzmann et al. (2014) isolated 8 Y-chromosomal micro-
satellites and then screened 104 male horses from 41 breeds,
most of which were European, and only two haplotypes were
identified. However, Y-chromosomal diversity might be underes-
timated on the sequence level due to ascertainment bias (Lenstra
et al. 2012). Further study including more Y-chromosomal
sequences and horse breeds, ideally indigenous breeds, is needed
to obtain more detailed information about horse paternal diver-
sity and evolution.

In this study, we investigated the genetic diversity of 13
Chinese indigenous horse breeds with Y-STRs and Y-SNPs as well
as mtDNA to reveal current situations of the genetic preservation
of the indigenous horse breeds, in order to provide valuable infor-
mation for the genetic conservation of Chinese indigenous
horses.

Materials and methods
Sample collection and DNA extraction

A total of 801 blood samples from 13 indigenous breeds in China
and four introduced breeds and a donkey breed were involved in
the present study, and the detailed sample information was pro-
vided in Table 1. Most of the indigenous horse samples were from
our previous studies (Yang et al. 2017). The indigenous horses
were sampled in their distributed areas (Table 1 and
Supplementary Figure S1). To avoid close blood relationship, we
kept at least 500 meters between the sampling sites. But the
small male sample sizes (<5 individuals) of the three breeds,
IMG, NQ, and AR, may cause possible bias on the estimation of
the genetic diversity. A donkey, sampled in Shandong Province,
was used as an outgroup. China Stud Book provided the samples
of the introduced horses and their original geographic informa-
tion. The samples were randomly selected from the introduced
individuals without close kinship. All samples were collected
according to the rules of the ethics committee of China
Agricultural University. The samples for mtDNA studies were
from both genders, and only male samples were used for Y-STR
and Y-SNP analysis.

According to horses’ geographical distribution, appearance,
and historical information, domestic horse breeds in China were
divided into five groups: Mongolia Group (MG), Kazak Group
(KZKG), Hequ Group (HQG), Tibet Group (TIG), and Southwest

Group (SWG). MG, KZKG, and HQG are distributed in North China
while TIG and SWG consist of southern horses (Table 1).

Genomic DNA was isolated from samples using the phenol-
chloroform method and preserved at —20°C. DNA was quantified
using a NanoDrop 2000 (USA). DNA samples with A260/A280 val-
ues between 1.8 and 2.1 were adjusted to a concentration be-
tween 20 and 30ng/pl. The quality of DNA samples was further
evaluated and confirmed by agarose gel electrophoresis.
Furthermore, all male samples were verified by PCR with the Y
chromosome-specific primers ECAY2B17 (Wallner et al. 2003).

Y chromosomal microsatellite genotyping

Sixteen Y chromosomal microsatellite markers were used to ana-
lyze the genetic diversity of the horses (Supplementary Table S1).
Nine of the 16 loci (Loci ECAYA16, ECAYE2, ECAYE3, ECAYNO1,
ECAYNO?2, ECAYNO3, ECAYNO4, ECAYP12, and ECAYP13) were
reported in previous studies (Wallner et al. 2003; Kreutzmann
et al. 2014), and the published primers were used in this study, ex-
cept that the primers for ECAYP12 were redesigned. The other

seven novel microsatellite loci, ECAYCAU1, ECAYCAU?2,
ECAYCAU3, ECAYCAU4, ECAYCAUS, ECAYCAUS, and
ECAYCAU7, were identified and first reported here

(Supplementary Table S1). The novel microsatellite markers were
detected by screening the sequences of horse Y-chromosomal
BAC retrieved from GenBank with SSRHunter software. Their Y
chromosome specificity was confirmed by PCR amplification of
genomic DNA from stallions, female horses, and blank control
samples (Supplementary Figure S2). The primers for the new
makers were designed with Primer Premier 5.0 (Premier Biosoft
International). The forward primers of the polymorphic loci were
5’-labeled with fluorescent dyes (TAMRA, TET, 6-FAM, or HEX),
used for genescanning analysis. Unlabeled primers were used in
other experiments in the present study (such as PAGE-silver
staining mentioned below). All of the primers were synthesized
by Sangon Biotech (Shanghai, China).

PCR amplifications were performed in a 20 pl reaction consist-
ing of 25ng DNA, 0.5pM each primer, 10ul 2 X Tag PCR
MasterMix (Tiangen KT201, Beijing, China) with 0.1U Taq
Polymerase/pul, 3mM Mg”", 500uM dNTPs and 8yl ddH,0. All
amplifications included an initial denaturing step of 10min at
95°C followed by 35 cycles of 30s at 95°C, 30 s at an optimized
annealing temperature, as shown in Supplementary Table S1,
and 30s at 72°C, ended with a final extension of 10min at 72°C.
Amplifications were carried out in ABI thermal cyclers (ABI, USA),
and 2.5 pl PCR products were visualized by electrophoresis in 2%
agarose gel to ensure amplification success. The samples were
screened for variants with PAGE in the initial step, in which 12%
polyacrylamide gel electrophoresis was pre-run at 150V for
30min firstly, and then 2.5 ul PCR products were added, and the
electrophoresis was conducted at 120V for 8-9h. Gels were
silver-stained according to the method of Byun et al. (2009). PCR
products harboring DNA variants were further tested by genes-
canning with capillary electrophoresis using an ABI 3730XL DNA
Genetic Analyzer (USA) (genescanning method). Peak Scanner
Software v1.0 was used to analyze the microsatellite data.

For further confirmation, the PCR products carrying different
variants were also ligated into the PMD 18-T vector (TaKaRa,
Japan). Following the transformation of the ligation products,
plasmids were harvested from the resulting bacterial colonies
and sent to BGI (Beijing, China) for sequencing.
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Table 1 Equine samples analyzed in the present study

Horse Group (abbr.) Breed name (abbr.)
North China Mongolia Group Mongolia (IMG)
MG) E lunchun (ELC)
Kazak Group Yanqi (YQ)
(KZKG) Kazak (KZK)
Hequ Group Chakouyi (CK)
(HQG)
South China Tibet Group (TIG) Naqu (NQU)
Southwest Group Baise (BS)
(SWG) Debao pony (DBP)
Lijiang (L))
Tengchong (TC)
Guizhou (GZ)
Jinjiang (7))
Ninggiang (NQ)
Foreign countries AR Arabian horse (AR)
TB Thoroughbred (TB)
AT Akhal Teke horse (AT)
WB Warmblood horse (WB)
AS Donkey (Asinus, AS)
Total number 21

Location (county, province) mtDNA? Y-SNP® Y-STR®
Chifeng, Inner Mongolia 49 7 2
E lunchun, Inner 29 10 5
Mongolia
Yangi, Xinjiang 43 8 6
Yili, Xinjiang 47 12 7
Tianzhu, Gansu 23 9 9
Naqu, Tibet 27 7 9
Baise, Guangxi 19 9 10
Debao, Guangxi 108 37 80
Lijiang, Yunnan 91 34 36
Tengchong, Yunnan 37 25 33
Bijie, Guizhou 75 13 12
Jinjiang, Fujian 21 10 9
Ninggiang, Shanxi 40 6 2
Xinjiang (introduced from 89 15 3
Russia)
Beijing (introduced from 56 31 16
Ireland)
Xinjiang (introduced from 47 13 17
Russia)
Shandong (introduced 0 7 12
from Germany)
Liaochen, Shandong 0 1 1
21 801 254 269

a

® The Y-SNP data were mainly from our previous study (Liu et al. 2020).
€ 165 of the samples yielded both the Y-STR and Y-SNP data.

Y chromosomal SNP genotyping

The genotyping data of 14 Y chromosomal SNP sites were mainly
from our previous study (Liu et al. 2020), while some additional
samples of male horses and one donkey sample were also tested
in the present study following the methods reported previously
(Liu et al. 2020; Table 1). Eventually, 253 indigenous horses and 66
introduced horses and one donkey were successfully genotyped
at all the 14 Y chromosomal sites (Table 1), which were amplified
with nine pairs of primers, including Pre34, H15, H2, IN2-2, N23-5,
M23-4, Y288, Y869, and Y997 (Liu et al. 2020).

Statistical analysis

Nucleotide diversity (r) and haplotype diversity (h) within each
population were calculated by DnaSP5 software (Librado and
Rozas 2009). And the = and h of the merged populations (the
merged three populations include horses of North China, South
China, and the introduced horses from foreign countries) were
analyzed with the pegas package in the R project (Paradis 2010).
The default settings were used for the software. The diversities of
merged populations were statistically analyzed with the T test by
hand. In order to compare the number of Y-SNP and Y-STR hap-
lotypes among breeds with different sample sizes, the sample
sizes were normalized by resampling the populations with 1000
replication for an equal number of samples, applying with an in-
house developed program (available on Github, https://github.
com/yyzhangcau/horseGeneticDiversity-Zhao). The mtDNA hap-
lotypes were grouped into one of seven major haplogroups, as de-
scribed by Jansen et al. while some haplotypes were classed as
“other” groups, which did not belong to the 19 known haplotypes
(Jansen et al. 2002; Cieslak et al. 2010). The frequencies of the
mtDNA-loop haplogroups in the three merged horse populations
were analyzed with Chi-square test of SPSS to determine the dif-
ferent level of their haplogroup frequencies. F-statistics (Fst)
based on the Y-STRs was calculated by Arlequin 3 with haploids
of the makers (Excoffier and Lischer 2010). To analyze the data

Indicates data of mtDNA cited from Yang et al. (2017), except Foreign horses, which were newly tested in the present study;

with Arlequin 3, we used following settings: population compari-
sons, computing pairwise FST, and 1000 permutations. The level
of significance was defined at P < 0.05. The values determined by
the number of different alleles (FST-like) or sum of squared dif-
ferences (RST-like) were calculated separately. For the genetic di-
versity of Y-STRs, the number of alleles, the number of effective
alleles (Ne) per locus, polymorphism information content (PIC),
and Shannon index were calculated. The number of alleles per
locus was obtained by directly counting. Ne, PIC, and Shannon in-
dex were calculated using the GENEPOP package version 1.32
(Yeh et al. 1997). Nei's distance (DA) was determined by the
unweighted pair-group method with arithmetic mean (UPGMA),
and a dendrogram was built employing POPTree (Nei et al. 1983),
and tree robustness was assessed by 1000 bootstrap replicates.
To analyze the population relationship among Y haplotypes with
the genotyping data of Y-STRs or the combining data from the Y-
SNPs and Y-STRs, we reconstructed median-joining networks us-
ing NETWORK 5.0 (Bandelt et al. 1999), and default settings were
chosen.

Data availability

SNP variant data are available from EVA (Project: PRJEB35322).
mtDNA data from the previous study can be obtained at https://
doi.org/10.1111/asj.12583. Supplementary Figure S1 shows the
geographic location of the studied Chinese indigenous horse
breeds. In the figure, ELC indicates E lunchun; IMG, Inner
Mongolia; YQ, Yanqi; KZK, Kazak; CK, Chakouyi; NQU, Naqu; LJ,
Lijiang; BS, Baise; DBP, Debao pony; TC, Tengchong; GZ, Guizhou;
JJ, Jinjiang; NQ, Ninggiang. Supplementary Figure S2 displays Y-
specificity of the newly identified microsatellite markers
(ECAYCAU1-7), in which M indicates the DNA standards (DNA
marker 2000); m, male horse; f, female horse; ¢, blank control.
Supplementary Figure S3 illustrates the alleles of the polymor-
phic loci shown with genescanning peaks. In Supplementary
Figure S3, al-a4 indicates the four alleles of ECAYA16, 155, 153,
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151bp, and no peak (null) at the locus; b1-b4, the four allele pat-
terns of ECAYP12, including b1 (208bp), b2 (204 and 208bp), b3
(200 and 208 bp), and b4 (200, 204, and 208 bp); c1-c3, the three al-
lele patterns of ECAYP13, which are c1 (106bp), c2 (115bp), and
c3 (115 and 118bp), respectively; d1-d3, the three alleles of
ECAYCAU3 consisting of 128, 130, and 132bp. Supplementary
Figure S4 shows the sequencing results of the PCR products har-
boring variants of the four polymorphic Y-STRs. Supplementary
Figure S5 shows a median-joining network based on the polymor-
phisms of the 16 Y-STRs from the 269 equid samples. In
Supplementary Figure S5, Y-STR haplotypes are represented by
circles with areas proportional to the number of individuals har-
boring the haplotype. Colors indicate the breeds. The number of
mutations was shown in branches. IN indicates the introduced
horses. Supplementary Figure S6 displays the Matrix of pairwise
Fst between different horse breeds based on Y-STR data. In the
figure, ELC indicates E lunchun; IMG, Inner Mongolia; YQ, Yangj;
KZK, Kazak; CK, Chakouyi; NQU, Naqu; LJ, Lijiang; BS, Baise; DBP,
Debao pony; TC, Tengchong, GZ, Guizhou; JJ, Jinjiang; NQ,
Ninggiang; AR, Arabian horse; TB, Thoroughbreds; AT, Akhal
Teke; WB, Warm Blood.

Supplementary Table S1 shows the information on the horse
Y chromosomal microsatellite loci and primers used in this
study. Supplementary Table S2 lists the Y-STR haplotypes har-
bored by the studied equids. Supplementary Table S3 shows the
nucleotide and haplotype diversity of mtDNA and Y-chromo-
somal SNPs in the horses of North China, South China, and the
introduced horses. Supplementary Table S4 shows pairwise Fst
and Rst values between the studied horse breeds calculated with
Y-STR data. Supplementary Table S5 lists the Y-SNP-STR haplo-
types harbored by the studied equids. Supplementary Table S6
shows the frequencies of the mtDNA-loop haplogroups in the
studied horse populations. Supplemental Material available at
figshare: https://doi.org/10.25387/g3.11322890.

Results
The variation of Y chromosomal microsatellites

The genotyping results showed four loci (ECAYA16, ECAYP12,
ECAYP13, and ECAYCAUS3) out of the 16 Y chromosomal micro-
satellites polymorphic in the 268 studied male horses
(Supplementary Figure S3), and the sequences of the four loci
are shown in Supplementary Figure S4. Loci ECAYA16 and
ECAYP12 both have four alleles, and 155 and 208bp are their
prominent alleles, respectively. There are three alleles detected
at each of the loci ECAYP13 and ECAYCAU3, and their promi-
nent alleles are 115 and 128bp, respectively. Detailed informa-
tion for the loci is shown in Table 2. However, loci ECAYP12 and
ECAYP13 of some samples in this study exhibited double or tri-
ple basecalls, which resulted from duplications in the male-
specific Y chromosome (Kayser et al. 2000). Two or three similar
copies of one fragment with different alleles were made to con-
stitute a unique haplotype used to calculate genetic diversity
and reconstruction of phylogenetic structure (Supplementary
Table S2).

As shown in Table 2, there are 3 or 4 alleles for each of the
polymorphic loci, and ECAYP12 possesses the greatest number of
effective alleles (Ne), Shannon index, and the PIC (Tables 2 and
3). The variants of the four polymorphic markers were only
detected in Chinese indigenous horses, and all four introduced
horse breeds were monomorphic (Table 3). IMG, ELC, and NQ did
not display variations in all the Y-STR loci, most likely due to the
small sample sizes or the massive impact of modern breeding.

Furthermore, most horse breeds of SWG group showed high di-
versity at the Y-STR and SNP loci (Table 3). GZ showed the high-
est variations at ECAYA12 locus (PIC=0.62). Overall, the
southern breeds as a whole harbor a higher level of Y-chromo-
somal diversity than the breeds of North China and the foreign
breeds, which is contrary to results from mtDNA data (P < 0.05)
(Table 3 and Supplementary Table S3).

The polymorphisms of the Y-STRs resulted in 19 haplotypes
(CHT1 to CHT19) in horses and one (CHT20) in a donkey
(Supplementary Figure S5 and Supplementary Table S2). A
median-joining network based on the genotyping results of the
16 Y-STRs was constructed. CHT1 and CHT7 are the two most
predominant haplotypes, which contain 134 and 76 horses, re-
spectively. All the introduced horses, including Arabian horses,
Thoroughbreds, Warmblood, and Akhal Teke horses are distrib-
uted in the haplotype CHT1. Each of other haplotypes is harbored
by less than 13 individuals. Seven haplotypes (accounting for 35%
of the Y-STR haplotypes) were unique and each of them is carried
by only one individual. In the studied breeds, Debao and Guizhou
horse breeds harbored 10 and 7 haplotypes (4.8 and 5.2 haplo-
types after adjusted for the difference in sample sizes), respec-
tively, and had more abundant Y-STR diversity than other
breeds. CHT20 is the only haplotype carried by a donkey, which is
the most ancestral haplotype. CHT18, harbored by a Guizhou
horse, roots from CHT20 directly and is the most ancient haplo-
type in the horses. The two most common haplotypes, CHT1 and
CHT7, are relatively young patrilines. Based on the network
analysis, the haplotypes of the studied horses formed four hap-
logroups (CHTG1 to CHTG4). CHTG1, containing southern horse
breeds, is the relatively ancient haplogroup among the four hap-
logroups. All other haplogroups are derived from CHTG1 by one
or more steps of mutations.

The Fst calculated with the STR data indicated that the ge-
netic background differences mainly exist between breeds with
far geographic distance. There are the smallest Fst values be-
tween the introduced breeds or the breeds from the SWG region
(DBP, 1], TC, and GZ), and significant genetic differences were ob-
served between the indigenous breeds and the introduced breeds
(Supplementary Figure S6, Supplementary Table S4). Based on
the Fst results, cluster analysis was performed using regional
population data. Figure 1 shows that the studied horse breeds
were divided into two distinct groups according to the Y-STR
polymorphic information. One group consists of Chinese indige-
nous groups, and another only contains the four introduced
horse breeds. In Chinese horses, SWG horses harbor more distant
paternal lines than others, while MG, HQG, and TIG cluster into
one group and KZKG forms another cluster.

Paternal Y-SNP-STR network

In our previous work, a total of 14 horse Y-SNPs were successfully
genotyped (Liu et al. 2020). A mutation was detected in the highly
conserved gene Amelogenin (Y-linked; AMELY). Nine samples
from the six southern horse populations, including DBP, BS, 1],
and GZ, harbor the C allele (AB091794: 2614 bp), while the major-
ity of the studied individuals carry the T allele at the locus.
Integrating STR and SNP markers of the Y chromosome, 25
haplotypes resulted in the studied equids (164 horses and one
donkey) (Figure 2, Supplementary Table S5). Compared with the
northern horses, more haplotypes were detected in the southern
populations. Ten out of the 25 haplotypes are unique, and each
of them is harbored by only one individual. Seven unique haplo-
types were detected in the southern populations. 5522 (STR and
SNP haplotype 22, abbreviated as SS22), SS23, and SS24, all of
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Table 2 Observed allele repeated motif, sizes, allele frequencies and genetic parameters of the four polymorphic Y-specific

microsatellite loci in the studied equids

Locus Repeated motif Allele (bp) Allele frequency (%) Ne Shannon

ECAYA16 (TG)3TAT(GT)16 151 5.22 1.20 0.40
(TG) 3TAT(GT)17 153 0.75
(TG)3TAT(GT)18 155 91.04
null 2.99

ECAYP12 (GATA)14 208 53.36 241 0.98
(GATA)12, (GATA)14 200/208 37.69
(GATA)13, (GATA)14 204/208 8.21
(GATA)12, (GATA)13, (GATA)14 200/204/208 0.75

ECAYP13 (TAA)ST(TAA)7 106 0.37 1.17 0.30
(TAA)ST (TAA)10 115 92.91
(TAA)ST(TAA)10, (TAA)ST(TAA)11 115/118 6.72

ECAYCAU3 (TG) 19 128 94.40 1.13 0.26
(TG) 20 130 0.75
(TG) 21 132 4.85

which carry C alleles of AMELY, were the closest haplotypes to
the donkey. SS2 and SS5 contain the most introduced and indige-
nous horses.

Diversity of mtDNA and the distribution of the
haplogroups

The mtDNA nucleotide and haplotype diversity of the horse pop-
ulations of North China, South China, and the introduced horses
were calculated with the data of the mitochondrial D-loop hyper-
variable segment 1. And the results showed that the northern
horses had significantly higher maternal diversity than the
southern and introduced groups (Supplementary Table S3). The
frequencies of the mtDNA haplogroups in the studied horse
groups indicated that both the introduced horses and the
Chinese indigenous horses harbor all of the seven mtDNA hap-
logroups (Supplementary Table S6). However, the northern
Chinese horses carry a higher frequency of B haplogroup than
the southern group or the introduced horses (P <0.01), while F
haplogroup, which was regarded as a maternal line of oriental-
origin, also shows the highest frequency in the northern horses
among the three groups (P < 0.05). In all of the seven haplogroups,
G is the rarest. No individual harboring G haplogroup was identi-
fied in the studied introduced horses. Low frequencies of the rare
haplogroup were detected in only six populations out of the 13
Chinese indigenous breeds (Supplementary Table S6).

Discussion

High patrilineal diversity of indigenous horses in
China

Previous studies showed notably low diversity of horse Y-chro-
mosomal sequence (Wallner et al. 2003, 2004; Lindgren et al. 2004;
Wallner et al. 2004; Lippold et al. 2011; Rafeie et al. 2011,
Brandariz-Fontes et al. 2013), while Asian horses had much higher
diversity than European breeds (Felkel et al. 2018), and European
horses were influenced by oriental horses (Wallner et al. 2017;
Fages et al. 2019). In the past several hundred years, horses in
Europe have been subjected to intensive breeding activities, in
which severe selection was imposed on the males, and only the
superior male horses had the chance to breed (Hendricks 2007;
Hamann and Distl 2008). Introduced stallions, such as the stal-
lions of Arabian and Thoroughbred horses, have been widely
used to improve the sport traits of local horses in European coun-
tries. As a result, the indigenous paternal lines were replaced by
the foreign ones in many European breeds. Compared with most

horse breeds that have experienced intensive artificial selection
and genetic introgression (Hendricks 2007), Chinese indigenous
horse breeds have not been confronted with high selection pres-
sure and were bred under various ecological conditions and dem-
onstrated a high level of morphological and genetic diversity (Lei
et al. 2009; Jiang et al. 2011; Ling et al. 2011; Xu et al. 2012; Yue et al.
2012).

In this study, the indigenous horses showed relatively higher
Y-chromosomal genetic diversity than the introduced horse
breeds. A few southern horses harbor C allele of AMELY gene,
which were only observed previously in ancient and Przewalski’s
horses (Lindgren et al. 2004; Lippold et al. 2011; Brandariz-Fontes
et al. 2013). We also identified four highly polymorphic Y-chromo-
somal microsatellite loci by screening Chinese indigenous horses.
Variants of loci ECAYP12, ECAYP13, and ECAYCAU3 were
detected in horses for the first time. At locus ECAYA16, two
alleles were found previously in Chinese indigenous breeds,
namely Allele A (156bp) and Allele B (152bp) (Ling et al. 2010),
and we found two new alleles of ECAYA16 in the present study.
EcaYNO4 was polymorphic in western horse breeds, and a rare
variant of the locus was carried by a Shetland pony (Kreutzmann
et al. 2014). However, no polymorphism was detected at locus
EcaYNO4 in this study. It was obvious that the horses in SWG
had higher Y-STR PIC than horses from other regions. Although
the population size of JJ horses was small, it had the highest di-
versity at locus ECAYA16. The networks showed that both
Chinese indigenous and foreign horses share the most wide-
spread young haplotypes, while there were relatively distant hap-
lotypes harbored by horses from GZ, DBP, and JJ, distributed in
Southwest China. The results were different from a previous re-
port, in which Mongolia male horses from North China was found
to have the deepest split in extant horses analyzed with Y-chro-
mosomal SNPs (Han et al. 2019). The phylogenetic dendrogram in-
dicated that the Chinese indigenous horses have a deep split with
the introduced horses and clustered into two groups. However,
the bootstrap values between some northern indigenous breeds
are relatively low, which may be attributed to the small sample
sizes of the breeds and low levels of divergence among them
revealed with the Y-STRs. What is worthy of notice is that the
blood relationship among our samples could not be completely
excluded though we tried to avoid it during sampling, as pedi-
grees of the majority of Chinese indigenous horses have not been
recorded. Blood relationship within a sampled population may
cause the underestimation of the diversity. Again, if sample sizes
of the studied breeds are similar, the comparison will be easier.
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Figure 1 Dendrogram showing evolutionary relationships among the ten
studied populations revealed with Y-STRs. The numbers at the nodes are
values for 10,000 bootstrap replicates.

But the sample sizes of our studied population vary due to the
difficulties to access some local breeds, especially male horses,
and we had to normalize the sample sizes by resampling with a
computer program. The introduced horses studied in the present
study are from the popular breeds distributed across continents.
Considering the relatively small sample size of introduced horses
included in this study, further study with a large sample size, es-
pecially for the male horses, is still needed to verify our results.
Despite these limitations, our results are still reliable, considering
a relatively large total number of the indigenous samples, col-
lected across the mainland of China.

Mitochondrial and Y-chromosomal
polymorphism in Chinese indigenous horses

The results derived from our previous data showed that the
northern indigenous horses (MG, KZKG, and HQG) had higher di-
versity than the southern horses (TIG and SWG) in mtDNA nucle-
otide and haplotype (P<0.05). In contrast, the northern horses
harbored lower haplotype diversity of Y chromosome than the
southern horses (P < 0.05). The reasons underlying the phenome-
non may exist in both horse immigration and geographic aspects.
In China, the indigenous horses have been used primarily as la-
bor animals for centuries and did not undergo any significant se-
lection. However, there were still some recorded gene flows from
the west in North China, such as the introgression of West Asian
horses into northern China in the Han Dynasty, and some north-
ern horses were crossed with the heavy horse breeds from the
former Soviet Union in the 1950s, and the indigenous horses have
been hybridized with Thoroughbreds introduced from western
countries in the last two decades (Cui 1990; Chang 2011). As there
are open grasslands in North China, these regions have been
ideal places for horse raising from ancient times, attracting gene
flows from adjacent places and forming a pool of maternal lines.
On the other hand, as northern horses had been selected for mili-
tary usage, stallions underwent stronger selection pressure than
female horses (Lindgren et al. 2004). In contrast to North China,
Southwestern China where most southern horses are distributed,
is mountainous, which hindered gene flow, and the gene intro-
gression and exchange of maternal lineages in the southern pop-
ulations were much less than their northern counterparts. The
local horses in the mountainous areas have been mainly bred as
labor animals, and much less selection was imposed on the stal-
lions compared with their northern counterparts, which led to
more paternal lines preserved in South China.

Eneolithic Botai culture from Central Asia provides the earliest
archaeological evidence of horse domestication, but Botai-like
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Figure 2 MJN network constructed using Y-STR and Y-SNP haplotypes.
Circle size was proportional to the haplotype frequency. The number of
mutations was shown in branches. Blue, introduced breeds; green,
southern horses; red, northern horses; yellow, horses with AMELY
mutations, and black indicates donkey.

horses were not the direct ancestors of modern horses, so the ori-
gins of the modern domestic horses have not been determined
(Gaunitz et al. 2018; Fages et al., 2019). South American descend-
ants of Iberian horses and Spanish horse breeds retained very an-
cient maternal lineages (Mirol et al. 2002), and later the Iberia
Peninsula was regarded as a center of horse domestication (Lopes
et al. 2005). The clear phylogeographical structure and the affinity
of the southern horses to donkey may suggest that it could not be
completely excluded that the events of horse domestication oc-
curred in Southwest China. However, the presumption of the lo-
cal domestication of horses certainly requires further evidence
from both genetic and archaeological studies.

Application of the results from the maternal and
paternal analyses on conservation of genetic
diversity

In previous studies, Lei et al. (2009) and Ling (2010) revealed a sig-
nificant phylogeographical association between horses of North
China and haplogroup B of mtDNA, and the link between the
southern horses and haplogroup G. In this study, distributions of
haplogroups B and G also showed notable phylogeographical
structures, but their frequencies (B=0.021 and G=0.025) de-
creased severely compared with those reported in previous stud-
ies about 10years ago (B=0.043 and G=0.043) (Ling 2010). At
present, the horses of haplogroup B have become rare in NQU,
BS, DBP, L], TC, and JJ, and the same trend was also observed for
the individuals belonging to haplogroup G in IMG, YQ, CK, NQU,
TC, JJ, and NQ, which needs special attention regarding genetic
conservation. In addition, several studies suggested that hap-
logroup F of mtDNA may originate from eastern Eurasia and
spread to western Eurasia (McGahern et al. 2006; Cai 2007; Lei
et al. 2009). In this study, the frequency of haplogroup F (0.192) in
the indigenous breeds was lower than that reported 10 years ago
(0.229) (Ling 2010), which indicated that the overall level of F was
decreasing. The results suggest that more efforts should be made
to protect the decreasing maternal lines in the indigenous breeds.

Most of the paternal lines are preserved in the southemn indig-
enous horses. Some of the patrilines are rare, such as the males
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with the AMILY-C allele and the 10 unique patrilines detected in
the indigenous horses. As the total population size of the indige-
nous horses has decreased rapidly, detailed plan should be made
to conserve the diversity of the horse patrilines. An ideal way to
protect the paternal lines would be to conserve the individuals
carrying the rare haplotypes by identifying with Y-chromosomal
markers.

Breeds can be classified into three statuses (very safe, not at
risk, and endangered) (Scherf 2000; Rischkowsky and Pilling
2007). JJ, NQ, and ELC, having a small population size less than
600 individuals, are in endangered status. Many endangered
breeds demonstrate low levels of genetic diversity and have a
small population size, but JJ showed relatively high genetic diver-
sity, which may be attributed to the high level of the maternal
lineage diversity (Ma et al. 2019). Urgent measures of conservation
should be applied to JJ, NQ, and ELC due to their small population
size of breeding stocks. The priority should be given to JJ, which is
the only indigenous horse breed in the southeastern coastal re-
gion of China (Chang 2011), and also possesses some special pa-
ternal lines. Although other Chinese indigenous horse breeds are
not at risk, more attention should be paid to L], TC, CK, and DBP
than the rest of the breeds, which have relatively low-genetic di-
versity or limited population size.

The development of modern breeding has impacted genetic di-
versity more dramatically in the past 200 years, and led to severe
decline of autosomal n diversity (Fages et al. 2019). The two
aspects of breed extinction, loss of genetic diversity and loss of
animals, are deeply interconnected. Future research should focus
not only on endangered horse populations but also on disappear-
ing genetic variants. In the DNA level, it is also needed to inte-
grate the autosomal data into the current maternal and paternal
genetic data pools in order to obtain more detailed evaluations
on the genetic diversity of local breeds and make more compre-
hensive and efficient plan to preserve the indigenous genetic
resources.

Conclusions

In conclusion, we revealed that Chinese indigenous horses pos-
sess rich polymorphisms of Y-chromosome, which suggested
that there is higher paternal diversity preserved in the Chinese
indigenous horse populations than expected. Prior conserva-
tion should be applied to the rare patrilineages and the de-
creasing maternal lines as well as the endangered indigenous
breeds.
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