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Simple Summary: We performed SNP genotyping of indigenous goats of Mongolia to explore their
demographic history in the global context and to estimate their genetic risks. Recently, these risks
have become a subject of concern due to recent climatic disasters and uncontrolled massive breeding.
Various clustering methods demonstrated close genetic relations among Mongolian, Russian, Chinese,
and West Asian breeds. Mongolian goats themselves exhibited low to moderate estimates of genetic
differentiation. We identified genetic features highlighting the distinct origin and breeding history of
Mongolian goat breeds, as well as traces of artificial selection and geographic isolation. However,
none of them met formal criteria to be considered as endangered.

Abstract: Mongolian goats are of great interest for studying ancient migration routes and domestica-
tion, and also represent a good model of adaptability to harsh environments. Recent climatic disasters
and uncontrolled massive breeding endangered the valuable genetic resources of Mongolian goats
and raised the question of their conservation status. Meanwhile, Mongolian goats have never been
studied on genomic scale. We used Illumina Goat SNP50 to estimate genetic risks in five Mongolian
goat breeds (Buural, Ulgii Red, Gobi GS, Erchim, Dorgon) and explored phylogenic relationships
among these populations and in the context of other breeds. Various clustering methods showed that
Mongolian goats grouped with other Asian breeds and were especially close to some neighboring
Russian and Chinese breeds. The Buural breed showed the lowest estimates of inbreeding and
exhibited the shortest genetic distances within the other Mongolian breeds, especially, to Ulgii Red
and Gobi GS. These three breeds formed a single core group, being weakly differentiated from each
other. Among them, Gobi GS displayed obvious signs of inbreeding probably resulted from artificial
selection pressure. Dorgon and especially Erchim goats stand apart from the other Mongolian breeds
according to various types of analyses, and bear unique features pointing to different breeding histo-
ries or distinct origins of these breeds. All populations showed strong decline in effective population
size. However, none of them met formal criteria to be considered as endangered breeds. The SNP
data obtained in this study improved the knowledge of Mongolian goat breeds and could be used in

future management decisions in order to preserve their genetic diversity.

Keywords: SNP genotyping; mongolian goats; breed; conservational genetics

1. Introduction

Although the conservation of biodiversity is now recognized as one of the main fo-
cuses in genetic research in domesticated animals, the great efforts made here still cannot fix
the rate of loss in local animal breeds [1]. Goat breeds are mainly distributed in developing
countries, providing essential support for the huge part of the population, while the global
demand for goat products accelerates an intensification of goat farming occurs and pro-
motes an invasion of transboundary breeds in order to increase productivity. Adaptability
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of local goats serves as the main source of stability for small holders when faced with
environmental changes [2], so that loss in genetic diversity puts a number of cultures
and ethnic groups under the threat of extinction. For goats, biodiversity conservation
is particularly challenging because the number of their breeds is huge, but conservation
resources are very limited. In comparison with other domesticated animals, the biodiversity
of goats is the least characterized [3,4]. Thus, the primary challenge today is to identify
breeds that need to be conserved first. Decisions might be supported by the compilation
of databases containing objective information about the genotypes of these breeds: their
genetic risks, phylogenetic relationships, as well as knowledge of the socioeconomic pro-
cesses that can affect the risks of these breeds [5,6]. SNP genotyping is widely recognized
as the most appropriate tool due to the availability of commercial SNP arrays that give
unified comparable data [7].

In Mongolia, goats have been the main source of food and clothing for several thousand
years. Some authors believe that independent goat domestication could have happened
in Mongolia [8]. Local goats are adapted to year-round grazing in extreme climates and
altitudes of the Altai Mountains, steppes, and Gobi Desert. In some areas, differences
between summer and winter temperatures exceed 100 °C. In certain regions, local goats
can satisfy their nutritional demands by finding plants under the snow.

Mongolian goats have experienced various perturbations over the past decades. With
the fall of the Soviet Union, the Mongolian market became open to the rest of the world.
Therein, the goat population has increased several times as a result of the global demand for
cashmere [8]. This increase gives a false impression of the industry’s well-being. Meanwhile,
farmers still rely on productive transboundary breeds as a source of improving the quality
of their local goats, which can destabilize goats” adaptation traits. Moreover, a series
of climatic disasters caused repeated reductions in goat populations, which could have
cause bottlenecks and increased inbreeding. According to the National Statistical Office of
Mongolia, 11.5 million livestock animals perished during the winters of 1999-2002, and the
harsh winter of 2009-2010 killed 10.3 million animals [9]. There is no reliable information
whether these disasters affect mainly local or invasive breeds.

Meanwhile, Mongolian goats” genetic diversity, phylogeny among local breeds, and
their relations with breeds found in the rest of the world are still largely unknown. The
largest unified dataset of goat genotypes provided by the Adaptmap project covers many
areas all around the world, but completely lacks samples from Central and East Asia [10].
These regions are key to understanding history of goat domestication and migration, but
they are represented only by small, disjointed datasets. In particular, we are not aware of any
studies of Mongolian goats that used SNP genotyping. There are few studies that examined
diversity of Mongolian breeds by STR, mtDNA, and Y-chromosome genes analysis between
2003 and 2020 [8,11,12]. All of these studies concluded that local Mongolian goat breeds
are weakly differentiated genetically, but no thorough analysis of population structure and
phylogeny in context of other breeds was done.

Using SNP genotypes, we examined demographic history and estimated genetic
diversity of indigenous goats of Mongolia and explored their phylogenetic relationship
with goats of the rest of the world.

2. Materials and Methods
2.1. Sample Collection and Description

Blood was sampled from 244 animals in five Mongolian goat populations located in
five geographical areas of the country with different climatic conditions during a research
expedition of the Vavilov Institute of general genetics in 2017, one breed per location.
The geographical locations of sampled populations and brief sample descriptions are
summarized in Figure 1 and Table 1.
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Figure 1. Map of sampled populations.
Table 1. Sampled populations and their environments.
Breed (Code) nl Prefecture Coordinates Environment Areas of Benefit Color
Erchim (EB) 28 Huvsgul 51.42,99.73 Mountain areas with Milk, meat, Black
extreme continental climate and cashmere
Dorgon (DG) 34 Hovd 45.80,92.29 Yﬁ;ﬁgiﬁgis Casi‘ff“fﬁ'i e White and red
Buural (ZB) 35 Zavkhan 47.95,93.49 Gobl—kl;ﬁease;i‘.e(;streat Cashmere and milk Dark brown and black
UlgiiRed (UR) 37 Uvs 49.31,91.99 Both mountain and Cashmere, meat, Red and brown
steppe areas and milk
Gob Gurvan . South Gobi, Three Various. Mostly red
Saikhan (GGS) 33 Gurvan Saikhan 43.80, 101.58 Beauties’ mountains Cashmere and white

! Samples that passed quality controls and were further included in statistical analysis.

One of the peculiarities of Mongolian goats is the lack of deep specialization of their
productivity: dairy, downy, or meat ones, which makes them versatile. All the breeds
except for the Gobi Gurvan Saikhan (Gobi GS) were formed mostly by natural selection
and adapted to round-year grazing and nomadic breeding style. Gobi GS was developed
by crossing local cashmere goats in the Gobi area with Don breed bucks up to the F2,
followed by pure and selective breeding [13]. Buural goats are the most widely distributed
breed in Mongolia, whereas Erchim goats of the Darkhat Valley are geographically isolated
local populations [14].

2.2. DNA Extraction and Genotyping

DNA was extracted from the whole blood samples containing EDTA as an anticoagu-
lant using Magna Prep 200 kit (Laboratory Isogen, Moscow, Russia) to the manufacturer’s
instructions. Quality of the DNA was measured using the Nanodrop 8000 spectropho-
tometer. Genotyping and preliminary data analysis were performed by Federal Center for
Animal Husbandry (Russia). Genotyping was performed with Goat 50K BeadChip (Illu-
mina Inc., San Diego, CA, USA) containing 50,347 SNPs. Quality control was performed by
setting a cutoff of 0.5 for the GenCall and GenTrain scores. The SNP dataset was filtered
to remove poorly genotyped individuals, loci genotyped in <90% of individuals, and rare
alleles using PLINK 1.9 [15] with --geno 0.1 --mind 0.1 --maf 0.05 plink parameters. To
ensure that our analysis would not be affected by the presence of SNP in strong linkage dis-
equilibrium, we also filtered data with --indep-pairwise 50 5 0.2 PLINK filter; 184 samples
passed these filters. Among highly related pairs of animals, we selected only one animal
per pair for future analysis, thus 17 more animals were excluded. A total of 167 samples
were processed in the future analysis.
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2.3. Construction of the Working Datasets

To explore relationships between Mongolian populations and breeds from the rest
of the world, we added genotype data obtained in other studies (Table S1) to our dataset.
First, we added data from the AdaptMap project described in the paper by Colli et al. [10]
that contained goat population data from all over the world. Asia was underrepresented
in this dataset. There were just a few populations from West Asia (Iran, Turkey, and
Pakistan), but no data from the countries located close to Mongolia. To fill this gap, we
added genotypes from the study by Deniskova et al. [16] presenting seven goat breeds from
Russia, whereas three of them were collected close to Mongolian border (Altai Mountain
(ALTM), Altai White Downy (ALTW), Soviet Mohair (SOVM)) and one near the Kazakhstan
border (Orenburg (OREN)). We also added data from six populations from five Chinese
regions described by Berihulay et al. [17]. Among them, Nanjiang (NJ) and Qinggeda (QG)
breeds were sampled in the region next to the southwest Mongolian border, and Arbas
Cashmere (AC) was sampled near the southern border.

Raw datasets were combined using --merge PLINK command and filtered with --geno
0.01 --mind 0.2 --maf 0.001 parameters. --mind rate was set to be much more relaxed than
usual to keep relatively poorly genotyped Mongolian, Russian, and Chinese goats in the
analysis. To ensure that analyses would not be distorted by the presence of SNPs in a strong
linkage disequilibrium (LD), the --indep-pairwise 50 5 0.1 command in PLINK was used to
prune the SNPs that passed the initial filtering step.

To obtain datasets with different resolution, we further created four subsets, namely,
Worldwide, Asian, Local, and Mongolian. The Worldwide dataset included all available
samples. The Asian dataset included goats from China, Mongolia, West Asia, and all
Russian samples, except the transboundary Saanen (SAAN) breed. The Local dataset
included Mongolian, Nanjiang, Qinggeda, and Orenburg samples, whereas the Mongolian
dataset consisted exclusively of the SNP data obtained in this study. The three additional
breeds included in the Local dataset were chosen because of their geographic proximity
and genetic closeness revealed by principal component and phylogenetic analyses.

2.4. Genetic Diversity Estimation

To evaluate within-population genetic diversity, we calculated the observed heterozy-
gosity (Ho), unbiased expected heterozygosity (He), and inbreeding coefficient (Fis) with
95% confidence intervals (CI 95%) using the R package “diveRsity” [18].

2.4.1. Effective Population Sizes

Trends in effective population size were estimated by linkage disequilibrium (LD)
using SNeP tool [19] with default parameters, except the ones for the sample size correction,
occurrence of mutation (x = 2.2) [20], and recombination rate between a pair of genetic
markers according to Sved and Feldman [21].

2.4.2. Runs of Homozygosity (ROH)

ROH analysis was performed for the Mongolian dataset without LD and minor allele
frequency pruning. To calculate ROH, we used the methodology of Meyermans et al. [22]
with settings suitable for medium-density genotype samples (PLINK commands: --homozyg-
density 50 --homozyg-kb 1000 --homozyg-snp 20 --homozyg-window-het 1 --homozyg-
window-snp 20). Non-parametric Kruskal-Wallis test followed by Dunn test with Benjamini-
Hochberg correction (p-value cutoff = 0.05) for multiple testing from dunn.test R pack-
age [23] were used to estimate differences in ROH lengths and frequencies among breeds.

The genomic inbreeding coefficient based on ROH (Frop) was computed as the sum
of the length of all ROH per goat as a proportion of the total autosomal SNP coverage.

2.4.3. Haplotype Sharing

To estimate an impact of recent admixture events, we performed an analysis of hap-
lotype sharing. To phase our Worldwide dataset, we used ShapelT software [24] with
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default parameters and then performed sharing analysis with Refined IBD [25] with default
conditions. Results were processed and visualized in R.

2.5. Genetic Relationships and Population Structure

To investigate genetic relationships among Mongolian and the other breeds, we per-
formed both principal component (PCA) and phylogenetic analyses. PCA was performed
using PLINK and was further visualized in R. The individual-level phylogenetic analysis of
the Local dataset was performed using the aboot() function from the R “poppr’ package [26].
Dendrogram (with 1000 bootstrap-support replicates) were built using Hamming (bitwise)
genetic distances and the neighbor joining algorithm.

Genomic clustering of Worldwide and Local datasets was performed using fastSTRUC-
TURE software [27]. The program runs were carried out assuming the K-value to be
between 2 and 15 groups in 50 repeats. The cluster membership matrices of the fastSTRUC-
TURE outputs were visualized using PONG software [28].

Pairwise Fsr values [29] were calculated for phylogenetic studies in the R package
diveRsity [18]. The matrix of pairwise Fst values was visualized as a Neighbor Net group
genetic network using SplitsTree 4.14.5 software [30].

3. Results
3.1. Dataset Description

We generated a set of 45,665 SNPs from 167 animals from five Mongolian breeds
(Buural, Ulgii Red, Erchim, Gobi GS, Dorgon). To analyze relationships of these goats with
other breeds we added data from three previously published datasets from Russia, China,
and other countries [10,16,17]. This combined dataset, the Worldwide dataset, contained
38,276 SNPs from 5176 animals of 151 breeds (Table S1). Additionally, we subsetted
39 breeds from Russia, Mongolia, China, Iran, Turkey, and Pakistan into the Asian dataset.

3.2. Genetic Diversity and Effective Population Sizes in Mongolian Populations

To estimate genetic diversity, we calculated the observed (Ho) and unbiased expected
heterozygosity (He) (Table 2). According to Ho and He values, Erchim goats exhibited
the minimum level of genetic diversity, and Buural goats showed the maximum. For
all Mongolian populations, except Gobi GS, observed heterozygosity did not differ from
expected values by more than 0.005. The Gobi GS breed showed the highest difference
between Ho and He that equaled 0.010. Such high difference could be due to inbreeding
having occurred during breed development. This hypothesis was also supported by
relatively high inbreeding coefficient value (Fis) for this breed. The Erchim goats showed
an excess of heterozygotes according to negative Fis values.

Table 2. Genetic diversity and inbreeding estimates in Mongolian goats by observed (Ho), unbiased
expected heterozygosity (He), their difference (dH), estimates of the inbreeding coefficient (Fis) with
the 95% confidence interval and mean Froy.

Breed Ho He dH Fis Frou
Dorgon 0.396 0.395 0.001 —0.004 (—0.006; —0.002) 0.014
Buural 0.406 0.405 0.001 —0.002 (—0.004; 0.000) 0.007
Erchim 0.393 0.388 0.005 —0.013 (—0.015; —0.011) 0.019
Gobi GS 0.400 0.410 —0.010 0.023 (0.021; 0.025) 0.023
Ulgii Red 0.397 0.399 —0.002 0.004 (0.003; 0.005) 0.013

Ancestral and recent effective population sizes (Ne) for five Mongolian goat popula-
tions are shown in Figure 2. Estimated Ne showed a downward trend with the increase in
generations across all populations. The Erchim goat breed had the lowest effective popula-
tion size at all time points, decreasing from 955 to 120 animals over the last 60 generations.
Recent effective numbers for other breeds were 274 for Dorgon, 373 for Buural, 433 for
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Gobi GS, and 812 for Ulgii Red. The steepest decline in the effective population size was
detected in the Gobi GS breed.

2 b
4000 ~ Dorgon
~ Erchim
— Ulgii Red
~ Buural
3000 ~— Gobi GS 10,000

Ne

2 2000

5,000

1000

g ——

0 20 40 60 0 100 200 300 400 500
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Figure 2. Recent (a) and long-term (b) trends in effective population sizes (Ne) for the five Mongolian
goat populations.

3.3. Runs of Homozygosity (ROH)

To estimate the level of inbreeding, we calculated the ROH lengths for each Mongolian
goat. Every recombination event reduces the ROH length, thus the longer ROHs mark
recent inbreeding events. The most variable ROH lengths were found in the Gobi GS
breed (Figures 3 and S1) with some outliers exhibiting a high amount of extremely long
ROHs, whereas other goats were particularly poor in ROHs. These observations suggested
that some Gobi GS goats were highly inbred. Given the historical background of the
breed, which originated from crossbreeding of local goats with the Russian Don breed, the
inbreeding was likely to be a result of artificial selection pressure.
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Figure 3. Distributions of ROH frequencies (a) and their average lengths (b) across Mongolian breeds.

The average ROH length was significantly lower in Buural goats compared to all other
breeds (Dunn test, p-value < 0.05). Furthermore, significant deficit in ROH frequency was
observed in this breed compared to Dorgon, Erchim, and Ulgii Red breeds. The average
ROH length in Erchim goats was significantly higher compared to other breeds except
Dorgon. All breeds display low average Fron values ranging from 0.007 in Buural to
0.023 in Gobi GS (Table 2), whereas some Gobi GS outliers demonstrate individual Froyg
values around 0.2.
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3.4. Ancestry of Mongolian Goat Breeds
3.4.1. Principal Component Analysis

Principal component analysis showed that goat populations clustered in agreement
with their geography and domestication history (Figures 4, S2 and S3). Chinese, Mongolian,
most West Asian (Iran, Pakistan, Turkey) goats and goats from the Asian part of Russia
formed a single cluster separately from samples of the other regions. On the detailed PCA
graph for Asian breeds (Figures 4a and S3), only the first component (PC1) clearly separated
Pakistani populations from the rest: Chinese, Mongolian, Russian, Turkish, and Iranian
breeds. Mongolian Dorgon, Erchim, and Ulgii Red breeds were clustered together with
Chinese Nanjiang, Qinggeda, and Jining Grey breeds (Figure S3), whereas Gobi GS goats
tended towards the Orenburg breed from Russia.

a * China b :l -
* lran 03 ’ o
*  Mongolia Lo
: :Z‘:::“ NJ, QG, N *  GobiGS
0.051 Turkey ; Mongolian 0 Ulgii Red
reeds T |

PC2
- PC2

0.00

D ”
FNA R .

0.0

OREN © 2 oo

-0.05

-0.075 -0.050 -0.025 0.000 0.025 0.050

0.0 0.1 0.2 03
PC1

PC1

Figure 4. Principal component analysis for all goats of Asian origin (a) and Mongolian breeds
(b). OREN = Orenburg, NJ = Nanjiang, QG = Qinggeda, JN = Jining Grey.

The PCA of Mongolian breeds revealed a low differentiation within Buural, Gobi GS,
and Ulgii Red breeds, but high variability within Erchim and Dorgon breeds (Figure 4b).
Gobi GS, Buural and Ulgii Red samples were plotted together in the single cluster, and
Erchim and Dorgon breeds were separated by the first and the second principal components,
respectively. Both breeds formed two clusters each: one cluster was placed quite close to
the other Mongolian samples, whereas the second one was clearly differentiated.

3.4.2. FastSTRUCTURE Analysis

The fastSTRUCTURE analysis applied to the Worldwide (Figure S4) and the Local
datasets (Figure 5) showed results similar to the PCA results. Mongolian breeds displayed
low differentiation among the breeds and clustered together with Chinese, most Russian
and West Asian breeds (Figure 5). A small admixture of European and transboundary
Saanen breeds was observed as well as with Angora goats (Figure 54).
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Figure 5. FastSTRUCTURE clustering for the Local dataset. NJ = Nanjiang, QG = Qinggeda.

Local fastSTRUCTURE revealed non-uniform structure of two goat populations, Er-
chim and Dorgon (Figure 5). Nearly half of the samples of these populations clearly formed
their own separate clusters and showed reduced presence of other components uniformly
distributed in the rest of Mongolian goats. Consistent with PCA results, the genetic pool of
Orenburg goats influenced the Gobi GS population. The most likely number of populations
according to the maximum likelihood estimation was equal to 5.

3.4.3. Phylogenetic Analysis

We constructed an individual-level neighbor joining phylogenetic tree for the Local
dataset including Mongolian samples, two Chinese breeds (Nanjiang, and Qinggeda), and
one Russian (Orenburg) breed (Figure 6). For easier visualization, we did not include
bootstrap values for the pairs of individuals in Figure 6. Gobi GS formed a single cluster
with Orenburg goats confirming the fastSTRUCTURE results. The Erchim goats of the
Darkhat Valley were most closely related to Chinese breeds. Dorgon and Ulgii Red goats
formed a single cluster closely related to 16 Buural goats. Whereas the rest, 19 Buural goats,
were related to Gobi GS goats, also confirming PCA results. Nanjiang and Qinggeda breeds’
positions resembled those in the original paper [17].
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Figure 6. Neighbor joining phylogenetic tree for the Local dataset: Mongolian breeds, two Chinese
breeds (Nanjiang, NJ, and Qinggeda, QG), and one Russian breed (Orenburg, OREN).

3.4.4. Genetic Distances (Fgr)

The genetic distances (Fst) (Table 3) and the corresponding Neighbor-Net tree (Figure 7)
showed Erchim to be the most genetically autonomous breed among the Mongolian goats
in our study. The closest genetic distances were found in the pairs of Buural-Gobi GS and
Buural-Ulgi Red.

Table 3. The genetic distances (Fst) between Mongolian goats.

Breed Dorgon Buural Erchim Gobi GS Ulgii Red
Dorgon

Buural 0.015

Erchim 0.035 0.027
Gobi GS 0.017 0.009 0.027
Ulgi Red 0.018 0.009 0.028 0.012

Note: All pairwise Fsr values are significant (permuted p-values < 0.001 for all estimates).

Erchim

Gobi Gurvan
Saikhan

Dorgon

* Ulgii Red
Buural

Figure 7. Fsr-based Neighbor-Net tree for Mongolian goats.
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3.4.5. Haplotype Sharing

To explore recent admixture events, we analyzed haplotype sharing in Mongolian
goat populations between each other (Figure 8) and in comparison with the top-20 related
goat breeds (Figure 9).

wiyauy uoSiog

pay n3in

|eanng

$9 1909

R

Dorgon Erchim Ulgii Red Buural Gobi GS

Figure 8. Heatmap: haplotype sharing (>7 Mb) within Mongolian goat populations (by individuals).
Yellow indicates shared haplotypes.
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Erchim
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Figure 9. Heatmap: haplotype sharing within Mongolian goats and 20 most closely related breeds
(samples detailed in Table S1).

According to Figure 8, the Buural breed was the most haplotype-sharing population in
our study, followed by the Ulgii Red breed. These two populations had the most intensive
haplotype sharing between each other, appearing almost like a single population on the
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heatmap. The Erchim goats evidently had the lowest proportion of shared haplotypes
across Mongolian populations consistent with the geographic isolation of this breed.

When plotted within the 20 most closely related breeds, all of the Mongolian goats
had the highest proportion of shared haplotypes with Altai Mountain (ALTM), Altai White
Downy (ATLW), Soviet Mohair (SOVM), Dagestan Downy (DAGD), and Angora (ANG_AR,
ANG_FR, ANG_ ZA) goats. The Angora breed originated in Turkey and further became
a transboundary breed and thus was involved in improvement of many local breeds; its
impact on ALTM, SOVM, and DAGD breeds is well documented [16]. In contrast to
the PCA results, Chinese Nanjiang and Qinggeda on the heatmap appeared unrelated to
Mongolian goats. The Dorgon goats were the only one of Mongolian populations that
showed a trace of haplotype exchange with Qinggeda (but not Nanjiang) goats.

4. Discussion

Genotyping by SNP arrays is an accurate and cost-efficient tool to analyze various indi-
cators of genetic diversity. While large efforts are dedicated towards studying commercial
high-yielding breeds, there is a growing interest in genetics of local populations due to their
specific traits allowing them to adapt to local environments and resist pathogens, starvation,
and harsh climatic conditions. There is a global trend to improve indigenous goats with
transboundary breeds while trying to preserve useful local traits, thereby helping these
admixed goats to remain adapted, especially, in such extreme regions as Mongolia. More-
over, some local breeds need to be conserved to maintain goat biodiversity and provide
support to nomadic traditions and local communities, which are very typical for Mongolia.
Whole genome SNP analysis allows exploring of genetic diversity and may help to achieve
these goals.

Additionally, goat genotypes from Central and East Asian regions could provide
valuable information about ancient migration routes and domestication events. Meanwhile,
these regions are covered unevenly by just few projects with low to moderate numbers
of samples.

We performed the first whole genome SNP analysis of populations of Mongolian goats
and integrated these data with other local and global datasets. Our study complemented
the results obtained in previous works that used STR [11,31] and mtDNA [8,12,14] analyses.
Consistent with our PCA and fastSTRUCTURE results, these studies also generally assumed
weak differentiation across Mongolian goats [14]. Mongolian goats, apparently, historically
were adapted to the semi-wild and nomadic way of life and therefore crossed more freely
than worldwide populations. Thus, they may represent lower indices of differentiation.

All of the five goat populations of Mongolia showed a tendency in reducing effective
population sizes, but none of the populations had Ne values decreased below the generally
accepted limit of 100 or even 50 individuals to be considered as endangered [32]. However,
these threshold values were mostly obtained by equational modeling [32] and are rarely
verified empirically. Better modeling combined with empirical validation is expected to im-
prove assessment of genetic risks based on Ne [33,34]. Decrease in ancestral population size,
on the other hand, appears to be typical for most local breeds from all over the world [10],
probably just meaning that domestication and breed development led to separation of
larger populations [35]. Some subpopulations of commercial high-yielding breeds, such as
Saanen or Angora, also exhibit small Ne values even below the threshold [16,36]. The most
dramatic drop in Ne among Mongolian goats was observed in the Gobi GS breed, which is
known to be under the highest artificial selection pressure among all goat populations in
this study.

To put Mongolian goats in a broader context, we compared our results with previously
reported data from other breeds and populations of the rest of the world. PCA partitioning
of all Asian breeds into two clusters (Pakistani vs. others) probably resembles southern and
northern goat dispersal routes in Asia [37]. After the primary domestication, one branch
migrated through Caucasus and Siberia to China, and another one moved to Pakistan. In
accordance with this scenario, the second component placed the Mongolian goats between
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two clusters that consisted mainly of Russian and Chinese samples. However, more samples
from Southern and Central Asia are required to fill the gap and to add more support to this
scenario. The PCA and fastSTRUCTURE, as well as phylogenetic analyses, demonstrated
extensive common ancestry shared with Asian breeds, especially, with some Chinese, Altai,
and Orenburg populations. We also detected a trace of recent admixture with Angora-like
breeds, but not with Chinese goats, in most of Mongolian populations.

For Erchim goats, estimates of genetic distances (Fst) and various clustering methods
showed the Erchim breed inhabiting the Darkhat Valley to be the most autonomous popu-
lation among the Mongolian goats in our study. Origin of Erchim goats remains unclear.
According to the PCA, they were more closely related to Chinese goats than to the rest of
Mongolian or other Asian samples. Neighbor joining and Nei-distance trees also clustered
them together with Chinese Nanjiang and Qinggeda goats. However, analyses of shared
haplotypes revealed recent admixture events from the Altai goats. The fastSTRUCTURE
analysis demonstrated two separate subpopulations within this breed. One of them looked
very similar to the rest of the Mongolian breeds, but the another one bore genetic material
unique to the local population. This partition could be explained by demographic reasons
and may potentially have affected the results of the tests performed for the breeds as a
whole (e.g., Fst based tree or haplotype sharing with related breeds).

ROHs for Erchim goats were relatively long and frequent compared to other Mon-
golian breeds, but the Froy and Fis values indicated that they were not highly inbred.
Furthermore, the Erchim goats exhibited the lowest effective population size that continued
to decline but do not yet meet the criteria for endangered breeds. Taken together, our data
have indicated that this breed requires special attention and further investigation in light of
its autonomy, intricate population history, and adaptability to harsh conditions.

The Dorgon goats, as well as Erchim, were also in two subpopulations according
to PCA and fastSTRUCTURE with one subpopulation demonstrating a unique genetic
material potentially of distinct origin.

The Gobi GS breed was also a bit shifted on the PCA from the main pool of the
Mongolian samples toward Orenburg goats. The study by Takahashi et al. [14] showed
similar results, including separation of Erchim and Gobi GS goats by PCA analysis of eight
microsatellite loci in eight Mongolian goat populations. Gobi GS is the only Mongolian
breed that was created by classical intense artificial selection. Gobi GS is a crossbred
with Russian Don breed [31]. The Don breed was officially recognized after an internal
Soviet Union expedition in 1934. According to the Food and Agriculture Organization
of the United Nations, animals of the breed probably produced the highest wool yield
among documented goat breeds [1]. The Don goats were widely used for improvement
of Orenburg and Altai Russian breeds. In turn, Angora goats originated from Ankara,
the capital city of Turkey, located in the territory of ancient Anotalia, one of the regions
of the Fertile Crescent. This breed was also widely used for improvement of many goat
breeds around the world, including Australia and North America, and, more locally, for
improvement of Soviet Mohair Russian goats [38]. The fact that Gobi GS goats in our
study placed near the Orenburg breed is likely explained by an admixture of Don goats
used while creating these breeds. Thus, shared genetic variance between Gobi GS and
Orenburg breeds might represent a reservoir of the gene pool of Don goats, a breed that
has never been characterized by SNP genotyping. The area on PCA that overlaps Gobi
GS and Buural goats suggests the latter might be the Mongolian ancestor of the Gobi GS
breed. Indeed, Buural is the predominant breed of goats in Mongolia that was widely used
in local breeding.

Thus, the Buural goats were probably used in developing the Gobi GS breed, since
these two breeds showed low genetic distances and were plotted closely on PCA. Further-
more, the Buural goats appeared to exhibit lower genetic autonomy as compared with
other Mongolian breeds. These goats exhibited the lowest inbreeding estimates and the
widest genetic relationships both within other Mongolian breeds and within world goat
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populations. These data make sense given the fact that Buural goats are the most widely
distributed ones in Mongolia, at least among the studied populations [14].

Two breeds from Western Mongolia (Buural and Ulgii Red) were the most closely related
breeds and clustered together in the most types of analyses. Together with the Gobi GS, they
formed a core cluster of the studied Mongolian breeds with a weak genetic differentiation.

5. Conclusions

Our analysis of Mongolian goats revealed their close relationship to neighboring
Chinese and Russian breeds. Our study demonstrated low genetic differentiation within
Mongolian breeds, especially among Buural, Ulgii Red, and Gobi GS. These breeds formed
a single core cluster, whereas Dorgon and, especially Erchim goats, were more autonomous.
We identified genetic features highlighting distinct origin and breeding history in Mon-
golian goats and also indicating long-term preservation of specific allele combinations of
ancestor breeds. All breeds showed strong tendency in reducing effective population sizes,
but none of them yet meet the criteria for endangered breeds. Taken together, our analysis
suggests Mongolian goats to be a valuable reservoir of genetic resources and provide useful
information for the future investigations of goat diversity.
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