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Abstract
Background The Tibetan sheep is one of the three major primitive sheep breeds in China, representing a unique 
and high-quality genetic resource in the Qinghai-Tibet Plateau and neighboring high-altitude regions, exhibiting 
exceptional adaptability to high-altitude climatic environments. However, research on the genetic relationships 
among different populations of Tibetan sheep at the whole-genome level remains insufficient. This study aims to 
explore the population structure and historical dynamics among 11 Tibetan sheep populations, accurately assess the 
genetic diversity within the populations, and providing a theoretical basis for the development of targeted genetic 
breeding strategies for Tibetan sheep.

Results In this study, a total of 10,884,454 high-quality SNPs were obtained. All Tibetan sheep populations exhibited 
varying degrees of linkage disequilibrium, with similar decay rates; among them, the WT population showed the 
fastest decay, while the TS population exhibited the slowest decay rate. Analyses using Tajima’s D and π indicated 
that the genetic diversity levels of the Tibetan sheep populations are generally low. Fst results revealed that most 
populations exhibited moderate to low levels of genetic differentiation. The effective population size among Tibetan 
sheep populations showed an increasing trend over time. The evolutionary relationships among Tibetan sheep 
populations reflect the correlation between their geographical locations and genomic genetic distances, while 
also indirectly confirming the impact of historical activities such as early human migration, admixture, fusion, and 
expansion on the population sizes and distributions of Tibetan sheep.

Conclusions The results indicate that the genetic diversity levels and genetic differentiation among Tibetan sheep 
populations are relatively low. In this study, we identified the genetic characteristics of Tibetan sheep populations, 
which exhibit low levels of diversity, genetic differentiation, and a strong population structure. A deeper genomic 
exploration of the population structure and diversity status of Tibetan sheep populations will provide theoretical 
support for subsequent genetic breeding and diversity conservation efforts.
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Introduction
Sheep, the earliest domesticated grazing livestock, with 
the earliest sheep fossils discovered in the Zagros Moun-
tains dating back approximately 11,000 years [1]. The 
history of sheep farming in China can be traced back to 
around 5,000 to 7,000 years ago based on archaeological 
evidence. In the early and middle Neolithic periods, wild 
sheep bones were predominantly found in archaeologi-
cal sites, while domestic sheep bones appeared in some 
late Neolithic sites [2]. Based on archaeological research, 
a total of 145 sites containing the remains of domesti-
cated sheep, goats, and wild sheep have been discovered 
in China to date. The research findings indicate an early 
history of sheep domestication and farming in China [3]. 
Chinese sheep are classified into Tibetan sheep, Mon-
golian sheep, and Kazakh sheep based on distribution 
and lineage. Tibetan sheep are one of the main domestic 
livestock breeds in the Qinghai-Tibet Plateau of China, 
serving as an important component of grassland animal 
husbandry in the high-altitude pastoral areas of the pla-
teau. They are valuable genetic resources for producing 
high-quality wool and organic green meat under specific 
natural conditions and careful breeding by herdsmen [4]. 
Tibetan sheep not only provide high-quality protein, rich 
in iron, zinc, selenium, and various trace elements, which 
promote hemoglobin synthesis and enhance immunity, 
but they also offer by-products such as wool, leather, and 
milk, thereby increasing the income of herders [5–7].

In recent years, with the innovations in molecular 
biology techniques and theories, as well as the inter-
disciplinary integration and utilization of fields such 
as archaeology, anatomy, and genetics, further insights 
have been gained into the origin and domestication of 
Tibetan sheep, as well as the analysis of the population 
structure and diversity of Tibetan sheep [8]. In 2019, a 
research team successfully integrated whole-genome 
sequences, single nucleotide polymorphism sequences, 
mitochondrial DNA, and Y-chromosome sequences with 
archaeological information to comprehensively analyze 
the genetic origins and evolution of Tibetan sheep. This 
study revealed the evolutionary mechanism of Adaptive 
introgression from Argali to Tibetan sheep [9]. Further-
more, HONG et al. conducted genome resequencing 
analysis on 1098 domestic sheep from 154 breeds and 69 
wild sheep from 7 breeds, revealing the genomic intro-
gression map from wild sheep to domestic sheep. They 
discovered that the MSRB3 gene haplotype responsible 
for ear width originated from wild Argali sheep and is 
widely present in Tibetan sheep such as the Oula breed in 
the Qinghai-Tibet Plateau region [10]. The identification 
of the VPS13B gene locus associated with facial contour 
through haplotype introgression from Argali and Iranian 
Mouflon sheep into the Tibetan sheep genome reveals 
the role of gene introgression from wild relatives in the 

domestication and improvement process. This provides 
new insights into the domestication, migration, and phe-
notypic diversity of sheep [10].

To date, no research team has conducted such a com-
prehensive analysis of genetic diversity, effective popula-
tion size, and population structure of multiple Tibetan 
sheep populations in the Tibetan Plateau region using 
resequencing technology. This study aims to elucidate 
the mechanisms of population genetic evolution in 11 
Tibetan sheep populations and, based on the research 
findings, develop strategies for the conservation and 
innovative utilization of genetic resources.

Materials and methods
Sample collection, DNA extraction and sequencing
A total of 220 blood samples were collected from 11 
Tibetan sheep populations near the mountain ranges of 
the Tibet sheep in China (sampling locations is shown 
in Table S1). Each sample was collected from the jugular 
vein, with 5 mL of blood stored in EDTA tubes. Subse-
quently, DNA was extracted, and its integrity and concen-
tration were analyzed. The genomic DNA was randomly 
fragmented using enzymes into short DNA fragments, 
followed by end repair, dA-tailing, and adapter ligation. 
The DNA fragments were purified using AMPure XP 
beads, and fragments ranging from 300 to 400  bp were 
amplified by PCR. The constructed libraries underwent 
purification, quality control, and were then subjected 
to sequencing on the Hiseq X10 PE150 platform, with a 
sequencing depth of approximately 5X.

Data quality control and genome alignment
The raw image data obtained from sequencing was con-
verted to sequence data through base calling, and the 
results were stored in FASTQ file format. Strict filtering 
was applied to clean reads, and subsequent analysis was 
conducted using high-quality clean reads. Quality Trim 
was utilized for quality control of short sequences, filter-
ing out reads containing adapters, reads with single-base 
N percentage exceeding 10% in single-end reads, and 
low-quality reads with more than 50% of base quality val-
ues Q ≤ 20 in single-end reads.

The filtered high-quality reads were aligned to the 
genome of the Tibetan sheep, compiled by the Sheep 
Resources and Breeding Innovation Team of the Chinese 
Academy of Agricultural Sciences, using BWA software 
[11]. Duplicate sequences of the same short sequence 
from the sequencing process were removed using Picard 
software (http://sourceforge.net/projects/picard/). 
Given the high mismatch rate near InDels, which may 
be mistakenly identified as SNPs, the GATK software 
was employed to locally realign the areas around varia-
tions (typically InDels) to obtain accurate variant infor-
mation [12]. Additionally, base quality recalibration was 
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performed using GATK to bring the quality values of 
reads in the final output BAM file closer to the true mis-
match probability with the reference genome, thus attain-
ing high-quality and reliable variants. Bedtools (v2.27.1) 
was utilized for genome coverage and sequencing depth 
statistics [13].

Mutation detection and annotation
Variants refer to modifications at the genomic level 
caused by the insertion or deletion of single or several 
nucleotides, resulting in DNA sequence polymorphism. 
Prior to variant detection, data processing is required, 
which generally includes local realignment and base 
quality recalibration.

(1)  Local Realignment: Due to the presence of 
numerous mismatches in regions near insertions or 
deletions (InDels), these can often be misidentified as 
single nucleotide polymorphisms (SNPs). To obtain 
accurate variant information, we utilize GATK to 
perform local realignment in the vicinity of the 
variants (typically InDels).

(2)  Base Quality Re-calibration: To reduce sequencing 
errors and ensure that the base quality values in 
the final output BAM file better reflect the true 
probabilities of mismatches with the reference 
genome, we employ GATK for base quality 
recalibration. This process ultimately yields high-
quality and reliable variants.

We apply the UnifiedGenotyper module of GATK (ver-
sion 3.4–46) on the processed alignment files to perform 
variant detection across multiple samples. The detected 
variants are filtered using VariantFiltration with the 
following parameters: -Window 4, -filter “QD < 4.0 || 
FS > 60.0 || MQ < 40.0”, and -G_filter “GQ < 20” (where 
QD represents Variant Confidence/Quality by Depth; FS 
indicates the Phred-scaled p-value derived from Fisher’s 
exact test for strand bias detection; MQ stands for RMS 
Mapping Quality; GQ signifies Genotype Quality). We 
utilize ANNOVAR for the functional annotation of the 
detected variants [14].

Analysis of genetic diversity
Genetic diversity and population differentiation were 
assessed by calculating whole-genome nucleotide diver-
sity, Tajima’s D, and genetic parameter FST [15]. The 
genetic differentiation between populations was evalu-
ated using the VCF Tools software to compute pairwise 
FST values between different populations [16]. FST values 
range from 0 to 1, where a higher value indicates greater 
differentiation and genetic divergence: 0 implies ran-
dom mating between populations with no genetic differ-
ences, while 1 signifies complete isolation and completely 

different genotypes between populations. Nucleotide 
diversity π was computed using Perl programming, based 
on the formula for calculating π, π =

∑
xixjπ ij, where 

Xi and Xj represent the frequencies of the i-th and j-th 
types of DNA sequences, and πij indicates the ratio of 
different nucleotides between the i-th and j-th types of 
DNA sequences (perl: https://github.com/xiekunwhy/
gindex) [17]. Tajima’s D values for each population were 
calculated using VCFTools (parameters setting: Slip win-
dow 100 Kb, Step 10 Kb) [16].

Linkage disequilibrium (LD) and effective population size 
analysis
Based on the different allele frequencies and genotype 
frequencies within each population, the extent of link-
age disequilibrium measured by the coefficient r2 was 
assessed at various distances. The average r2 values 
within populations were calculated for different marker 
combinations at different distances, and a linkage dis-
equilibrium decay map for 11 Tibetan sheep populations 
was created based on the mean r2 values corresponding 
to different distances. For each population, the top 10 
individuals with the deepest sequencing coverage were 
selected, and SMC++ was utilized to analyze the popula-
tion history dynamics, evaluating changes in population 
size over time [18]. Use the estimate function of SMC++ 
software to estimate the population historical dynamics 
of each population, with the main parameters set to - p 
0.5-m 1.51e-8 w 100-em 20 sp cubic, and other param-
eters using default values. The neutral mutation rate was 
set at 1.51*10− 8, with a generation time of 3 [19–21].

Analysis of population historical dynamics
To investigate the population structure and genetic evo-
lutionary relationships of the 11 Tibetan sheep popu-
lations, PCA analysis was conducted using the GCTA 
software to perform dimensionality reduction on the 
sample data [22]. Orthogonal transformation was applied 
to convert a series of potentially linearly correlated vari-
ables into a set of linearly uncorrelated new variables, 
known as principal components, enabling the representa-
tion of the data’s characteristics in a smaller dimensional 
space. The results of the PCA analysis were visualized 
using the Ggplot2 package in the R software (https://yan-
glab.westlake.edu.cn/software/gcta/#PCA).

For the construction of the ML tree, SNP data was 
first transformed into Treemix format data (https://bit-
bucket.org/nygcresearch/treemix/wiki/Home), Taking 
goat as the outgroup (Browse - GSA - CNCB-NGDC: 
CRR865811). The Treemix software was then utilized to 
build a maximum likelihood tree of the populations with 
500 rounds of Bootstrap, and Gotree was used to inte-
grate the Bootstrap tree with the original tree to obtain 
support information (Bootstrap values) for nodes in the 
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original tree (https://github.com/evolbioinfo/gotree). The 
Structure software was employed for population struc-
ture component analysis, assuming ancestral population 
numbers (subgroup numbers) ranging from K = 2 to K = 9. 
Cross-validation was performed to estimate individual 
ancestry and admixture proportions, and to calculate 
the Cross Validation Error at different K values to deter-
mine the optimal K value. The results of the population 
structure analysis were visualized and plotted using the 
R software.

Results
Sequencing data and genome-wide genetic variation
After variant detection and quality control, a total of 
10,884,454 SNP loci were identified across 220 Tibetan 
sheep individuals in this study. Among these, HB detected 
the highest number of SNPs, while OL detected the few-
est. The genomic variant annotation results are presented 
in S6, indicating that genomic variants predominantly 
occur in intergenic regions, followed by intronic regions. 
Variants are less frequent in some overlapping regions, 
such as exonic regions and regions within 2 bp of splice 
sites, 5’UTR and 3’UTR overlapping regions, as well as 
upstream and downstream overlapping regions.

Linkage disequilibrium and effective population size 
estimates
Linkage disequilibrium analysis of population genomes 
was conducted to investigate the relationship between 
average Linkage disequilibrium coefficients and marker 
spacing among the 11 Tibetan sheep populations at dif-
ferent genomic loci. The degree of linkage disequilibrium 
was assessed using the Linkage disequilibrium correla-
tion coefficient (r2) between adjacent genomic loci. The 
results indicated that all 11 populations exhibited some 
level of linkage disequilibrium, with relatively similar 
decay rates. Among them, WT showed the fastest decay, 
while TS exhibited the slowest decay rate, suggesting that 
WT had a smaller LD decay distance compared to other 
Tibetan sheep populations, indicating slightly higher 
genetic diversity than other populations (Fig. 1).

The SMC++ analysis results (Fig.  2) revealed that the 
effective population sizes of the 11 Tibetan sheep popu-
lations generally showed an increasing trend between 
generations. Around 8000 to 10,000 years ago, all Tibetan 

Fig. 2 SMC++infers the effective population size of Tibetan sheep populations

 

Fig. 1 LD decay map of Tibetan sheep populations
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sheep populations experienced a reduction in effective 
population size, reaching historical lows, followed by a 
gradual increase until the effective population size sta-
bilized. The occurrence of population bottlenecks due to 
factors such as domestication or historical events led to a 
decrease in effective population sizes, with the sizes con-
tinuing to rise following the completion of Tibetan sheep 
domestication. As Tibetan sheep domestication con-
cluded and expanded gradually with agricultural devel-
opment, variations in factors such as population gender 
ratios, genetic diversity, reproductive rates, and genetic 
drift resulted in differing final effective population sizes. 
Larger effective population sizes lead to a faster accumu-
lation rate of new mutations, indicating greater popula-
tion diversity. Among the populations, KC exhibited the 
largest effective population size, followed by AW and 
HB, while TS had the smallest effective population size. 

Consequently, KC possessed the highest genetic diversity, 
followed by AW and HB, with TS exhibiting the lowest 
genetic diversity.

Genetic structure and diversity of tibetan sheep 
population
To investigate the genetic structure and phylogenetic 
relationships among the 11 Tibetan sheep populations, 
principal component analysis (PCA) was conducted. The 
results revealed that the first principal component (PC1) 
separated HB, ZSJ, and QK, while the second principal 
component (PC2) distinguished AW, QK, and TS. Addi-
tionally, a closer genetic distance was observed between 
QC, TS, GJ, OL, and ZSJ (Fig. 3).

Using whole-genome SNPs for constructing a Maxi-
mum Likelihood (ML) tree, the evolutionary relation-
ships among the 11 Tibetan sheep populations were 
investigated. The WT population belongs to the elderly 
group among the 11 populations studied. The AW and 
ZSJ populations formed a distinct branch earliest, fol-
lowed by OL, QK, KC, and GJ. The GBB and GBW pop-
ulations appeared as sister groups in the most recent 
differentiation events (Fig.  4). The relationships among 
the Tibetan sheep populations in Gansu, including GJ, 
KC, QK, and OL, are closer. Interestingly, the TS popu-
lation from Gansu is more closely related to the popula-
tions of GBB, GBW, and HB from Tibet, while the ZSJ 
population from Qinghai has a closer relationship with 
the AW population from Tibet. These findings corrobo-
rate the results of the PCA analysis (Fig. 5).

To further investigate the population structure, this 
study conducted STRUCTURE analysis. When K = 2, it is 
evident that the majority of the 11 Tibetan sheep popula-
tions are formed through hybridization of two ancestral 

Fig. 4 Phylogenetic trees of Tibetan sheep populations

 

Fig. 3 Principal component analysis of Tibetan sheep populations
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subgroups. The populations of AW and QK exhibit pure 
lineage without the admixture of another subgroup. 
When K = 4, based on differences in ancestral compo-
nent compositions, the 11 populations can be distinctly 
classified into four subgroups: GBB and GBW form one 
subgroup, while GJ, HB, KC, OL, TS, WT, and ZSJ form 
a separate subgroup, and AW and QK are each in their 
own independent subgroups. From K = 6 to K = 9, the 
ancestral lineage compositions of the 11 Tibetan sheep 
populations gradually vary, leading to population dif-
ferentiation among the different populations, albeit with 
varying degrees of genetic admixture (Fig. 6).

To investigate the genetic diversity of the 11 different 
Tibetan sheep populations during the process of phyloge-
netic evolution, Pi and Tajima’s D tests were conducted. 

The Pi values of the 11 Tibetan sheep populations range 
from 0.0001 to 0.005, indicating that these populations 
may have experienced certain selection pressures or 
genetic drift events, leading to genomic loci being rela-
tively conserved within the populations with low levels of 
variability and reduced genetic diversity (Fig. 7).

For most chromosomal segments of the 11 Tibetan 
sheep populations, Tajima’s D values are greater than 0, 
indicating that the number of haplotypes exceeds the 
number of polymorphic sites, suggesting the presence 
of numerous alleles at intermediate frequencies and rare 
alleles existing at low frequencies. This implies a scarcity 
of rare alleles within the populations, with neutral alleles 
predominating. The populations are in a state of balanc-
ing selection, where the population size and density are 
maintained in dynamic equilibrium over a certain period 
(Fig. 8).

The FST values between the various populations range 
from 0.02 to 0.07, indicating a low to moderate level 
of genetic differentiation. Specifically, the FST values 
between AW and GBB, GBW, QK, and TS; GBB and 
QK, TS; GBW and QK, TS; QK and TS, ZSJ fall within 
the range of 0.05 to 0.15, representing a moderate level 
of genetic differentiation. In contrast, the FST values 
between the remaining populations are all less than 0.05, 
indicating a low level of genetic differentiation (Fig. 9).

Discussion
The natural evolution and frequent human activities 
directly influence the population distribution and dynam-
ics of species. Intense human intervention disrupts inter-
actions between populations and intraspecific selection. 
Directional selection for economically favorable traits 
in individuals can increase selection pressure, leading to 
frequent instances of inbreeding within populations and 

Fig. 7 Nucleic acid diversity results of Tibetan sheep

 

Fig. 6 Genetic structure analysis of Tibetan Sheep population

 

Fig. 5 Phylogenetic trees of Tibetan sheep populations (Rootless tree)
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resulting in reduced genetic heterozygosity in the popu-
lation’s genome [23].

From the PCA and genetic structure analysis of the 
11 Tibetan sheep populations, a certain level of shared 
genetic ancestry was observed between the Tibetan 
sheep populations ZSJ and WT from Qinghai Province, 

and OL, GJ, KC, and TS from Gansu Province, providing 
indirect evidence for a consistent origin of the Tibetan 
sheep populations. The close geographical proxim-
ity, similar genetic background, and common breeding 
practices among the Tibetan sheep populations have led 
to the manifestation of similar trait characteristics and 

Fig. 8 Tajima’s D analysis results of Tibetan sheep population
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subsequently resulted in a low level of genetic differen-
tiation among these populations. This finding is in line 
with the results of Agraw where low pairwise genetic 
differentiation indices were observed among the six 
subpopulations of Sudanese sheep, possibly attributed 
to the consistent tail morphology types within these 
Sudanese sheep subpopulations [24]. Furthermore, the 
current population structure patterns of Tibetan sheep 
populations may also be related to early human histori-
cal activities. Human behavioral activities have to some 
extent influenced the historical dynamics of Tibetan 
sheep populations. Migration, admixture, assimilation, 
and expansion of early human populations can impact 
the population size and distribution of Tibetan sheep [9]. 
As early as 40,000 years ago, there were traces of human 
activities on the Qinghai-Tibet Plateau. In the late Paleo-
lithic period, the Nwya Devu culture emerged in East 
Asia on the Qinghai-Tibet Plateau. With human settle-
ment and the spread of Paleolithic farming tools and 
domesticated crops on the Qinghai-Tibet Plateau, there 
was a short-term population expansion, leading to the 
expansion of domesticated livestock, a trend supported 
by the historical dynamics of Tibetan sheep popula-
tions. Between 40,000 and 20,000 years ago, there was a 
population expansion within Tibetan sheep populations 
[25, 26]. The Tibetan sheep populations migrated along 
river valleys with human populations, experiencing con-
tinuous movements upstream and downstream. Dur-
ing the migration towards the Qinghai-Tibet Plateau, 
humans migrated to lower altitudes (below 3000  m) 
between 30,000 and 20,000 years ago, to higher altitudes 

(3000–4000 m) around 15,000 years ago, and eventually 
reached extremely high altitudes (above 4000  m) after 
6,000 years [27]. Throughout this process, humans con-
tinuously migrated, assimilated, expanded, and formed 
stable tribes, while Tibetan sheep also migrated, dis-
persed, interbred, and fused into stability [28]. This led 
to a certain level of genetic admixture between differ-
ent Tibetan sheep populations, resulting in a low level 
of genetic differentiation. The phylogenetic tree results 
also support this hypothesis. Among the 11 Tibetan 
sheep populations, WT and the outgroup exhibit a close 
genetic relationship, with WT representing the most 
ancestral lineage among the Tibetan sheep populations 
and retaining more ancestral characteristics. The AW and 
ZSJ populations subsequently evolved. Following this, 
the populations from Gansu, including GJ, KC, QK, and 
OL, clustered together and gradually diverged, with the 
TS population from Gansu evolving and separating after-
ward. The Tibetan sheep populations from Tibet, namely 
GBB, GBW, and HB, diverged last. An interesting finding 
is that although both ZSJ and WT inhabit high-altitude 
regions in Qinghai Province and migrated to these high-
altitude areas approximately 15,000 years ago, ZSJ shows 
a closer genetic relationship to AW compared to WT, 
likely due to their geographical proximity [27]. This result 
indicates that the formation of Tibetan sheep population 
structure is influenced by multiple factors. Discrepancies 
with the results of Yang et al. may stem from differences 
in research methods, population sizes, and total popula-
tion numbers [29].

Populations with higher genomic genetic diversity 
often exhibit better environmental adaptability, popula-
tion resilience to disturbances, and evolutionary potential 
[30]. The results of this study indicate that the Tajima’s 
D values of all 11 Tibetan sheep populations are greater 
than 0, suggesting recent population contraction or bal-
ancing selection in Tibetan sheep populations. Research 
has shown that long-term artificial selection in sheep 
may decrease genomic diversity [31, 32]. This is consis-
tent with the nucleotide diversity results of Tibetan sheep 
genomes. Another possible reason for this phenomenon 
may be related to population breeding management prac-
tices. Tibetan sheep are raised through grazing, and con-
finement in closed environments can lead to increased 
levels of inbreeding and reduced genomic heterozygosity, 
ultimately resulting in decreased population diversity [24, 
33, 34].

Genomic variation is the foundation of biodiversity, 
with genetic variation representing the common, non-
random genetic changes that occur among individuals 
or populations during the evolutionary process, enrich-
ing genomic diversity [35]. Genomic variation drives spe-
cies evolution, as mutations continually propel species 
to evolve. Stable inheritance of mutations to offspring 

Fig. 9 Genetic differentiation analysis of Tibetan sheep population
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results in genomic diversity among the offspring, enhanc-
ing population adaptability and enabling species to thrive 
in changing environments. The identification of poten-
tially beneficial variant sites is of significant importance 
for population genetic improvement and genetic diver-
sity. The Tibetan sheep genome exhibits a high level of 
SNP variation, and numerous studies have demonstrated 
that genetic variations within sheep genomes can sig-
nificantly impact environmental adaptability, reproduc-
tive traits, growth characteristics, fat deposition, and 
heat stress responses [36–40]. Based on this, this study 
investigated the genetic differences among 11 Tibetan 
sheep populations resulting from genetic genomic varia-
tion in the breeding process, which can lead to genetic 
differentiation among populations. The level of genetic 
differentiation between populations was assessed, with 
AW showing moderate genetic differentiation levels with 
GBB, GBW, QK, TS; GBB showing moderate genetic dif-
ferentiation levels with QK, TS; GBW showing moderate 
genetic differentiation levels with QK, TS; QK show-
ing moderate genetic differentiation levels with TS, ZSJ, 
while the remaining populations exhibited low genetic 
differentiation levels. Combining the genetic differen-
tiation results with geographical data, the genetic dif-
ferentiation among sheep populations may be related 
to environmental adaptation, geographical distribution, 
and population type [24, 41]. The relatively low genetic 
differentiation indices among the genomes of different 
populations may be attributed to similar environmental 
conditions and altitudes, resulting in minimal differences 
among populations.

Population genetic diversity can to some extent reflect 
a species’ ability to adapt to changes. Higher levels of 
population genetic diversity can enhance the survival 
chances of individuals in changing environments, while 
lower levels of population genetic diversity may lead to 
local extinctions of populations [30, 42]. Population 
genetic diversity is influenced by multiple factors. Inad-
equately scientific and rational breeding mating prac-
tices can lead to increased inbreeding frequency, higher 
genomic selfing rates, and consequently reduced genetic 
diversity [43]. Effective population size also impacts the 
level of genetic diversity, as smaller populations are more 
prone to inbreeding depression, potentially even facing 
extinction risks that result in decreased or lost genetic 
diversity. Additionally, genetic drift, natural selection, 
and other factors can also affect the level of genetic diver-
sity [44, 45]. The results of this study indicate that the 11 
Tibetan sheep populations exhibit varying degrees of low 
genomic diversity levels, emphasizing the urgent need 
for the implementation of conservation measures for 
Tibetan sheep populations. Establishing live gene banks 
and optimizing breeding programs can help enhance 
population diversity to some extent. For populations with 

lower diversity levels such as TS, WT, and GBB, preserv-
ing semen or embryos through cryopreservation can 
help reduce the frequency of inbreeding while setting up 
conservation facilities. With advancements in biological 
technologies such as DNA preservation, oocyte cryo-
preservation, cloning, cryopreservation of embryonic 
stem cells, and increasing research on genetic mapping 
and gene isolation and cloning related to desirable traits, 
future research and practices focused on the conserva-
tion of Tibetan sheep diversity will need to be further 
deepened.
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