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Abstract: Background: Cashmere, valued for its exceptional softness and warmth, is a
major focus in goat breeding due to its high economic importance. However, the molecular
mechanisms underlying cashmere production remain largely unknown, hindering efforts
to optimize yield and quality. Additionally, domestic goats exhibit remarkable adaptability
to diverse climates, ranging from arid northern regions to humid southern areas, yet the
genetic basis for these adaptations is poorly understood. Exploring the genetic factors
driving cashmere production and climatic adaptation could provide crucial insights into
trait evolution and support the development of breeding strategies for improved pro-
ductivity and resilience. Methods: We utilized whole-genome resequencing data from
157 samples representing 14 goat populations to analyze the genetic diversity between
cashmere and non-cashmere breeds. Additionally, we conducted the tests of selective
sweeps (i.e., pairwise FST, θπ and XP-EHH) for cashmere traits and genome–environment
association analysis (i.e., XtX statistic), respectively. Results: We identified strong selec-
tive signatures in previous reports (e.g., AKT3, FOXP1, FGF5, TGFBR3) and novel genes
(e.g., ZEB1, ZNRF3, MAPK8IP3, MAPK8IP2, AXIN1) associated with cashmere traits. Fur-
ther gene annotation and KEGG analyses showed that these genes were identified to be the
most probable genes accounting for the cashmere traits. Also, we detected some genes such
as PDGFRB, PRDM8, SLC26A2, SCAMP1, EPHX1, CDC25A, and POLK that played critical
roles in the adaptation of goats to local climate variation. Conclusions: Collectively, our
results provide novel insights into the genetic mechanisms underlying the cashmere traits
and climatic adaptation, and also identified new genetic markers for genetic improvement
in goats.

Keywords: goats; cashmere traits; climatic adaptation; genetic markers

1. Introduction
The domestic goat (Capra hircus) is thought to have originated from a mosaic of wild

bezoar populations (Capra aegagrus) as early as 10,500 years ago in the region around
the Zagros Mountains, which is now part of western Iran [1]. Following domestication,
goats quickly spread from their center of origin to various parts of the world [2]. Today,
more than 300 distinct goat breeds exist globally, exhibiting diverse morphological and
production traits, such as variations in cashmere quality. These characteristics have been
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shaped by factors including human selection, genetic isolation, the founder effect, and
genetic drift [3,4].

Among these breeds, cashmere goats are particularly notable for their dual hair follicle
types: primary follicles produce coarse outer hair, while secondary follicles generate fine
cashmere fibers. These fibers, prized as luxury materials, are valued for their exceptional
fineness, softness, lightness, and superior insulation compared to sheep’s wool. Previous
research has uncovered various genes and genetic variants linked to cashmere quality
and yield, primarily using low-density Single Nuncleotide Polymorphism (SNP) arrays
or whole-genome sequencing approaches. For example, Qiao et al. conducted a genome-
wide association study (GWAS) on cashmere fineness in Inner Mongolian Cashmere goats
(Erlangshan type) using a 66K SNP capture chip, identifying four significant loci within the
genes AKT1, ALX4, HK1, and NT-3 [5]. This chip is the first domestically developed chip
that can be used for genome and genetic diversity analysis in cashmere goats. Similarly,
Cai et al. employed whole-genome sequencing to analyze ancient genomes, shedding light
on the evolutionary history of Chinese cashmere goats [6]. Han et al. identified a 582 bp
deletion 367 kb upstream of LHX2 through whole-genome analysis, which may be linked
to cashmere yield and fiber diameter [7]. In addition, genetic diversity and adaptation
characteristics vary significantly among cashmere goat populations in different regions. For
instance, Changthangi goats, renowned for producing some of the finest cashmere globally,
have shown high genetic diversity (observed heterozygosity of 0.75) and low population
differentiation (FST value of 0.0531) based on 15 microsatellite markers, indicating genetic
stability within the population [8]. Similarly, studies on Mongolian cashmere goats revealed
substantial phenotypic diversity and low genetic differentiation among breeds (FST value
of 0.017). Genome-wide association studies (GWAS) in these populations have identified
significant genes associated with traits such as body weight, cashmere quality, and coat
color [9]. These findings provide valuable insights into genetic improvement strategies but
fall short of systematically comparing the genetic structure across different cashmere goat
breeds in China.

Adaptation to local environments is another essential trait of cashmere goats, which
are typically found in colder regions. In China, for instance, cashmere goats are primarily
distributed in the colder northern areas. This ability to thrive in harsh, chilly environments
highlights the significance of their physiological and genetic adaptations, enabling them to
endure extreme climates while producing high-quality cashmere. Adaptation is one of the
most striking features of the biological world, and is an essential capability of an organism
to survive in diverse environments. Indigenous goats have undergone extensive adaptation
to local conditions, including extreme environments, over hundreds or even thousands
of years, achieving a homeostasis finely tuned to their ecological demands [10–13]. For
instance, cashmere goats raised in northern China exhibit remarkably dense hair coats and
a more compact body structure compared to their counterparts in southern China [14,15].
And the adaptation of Tibetan cashmere goats to high-altitude, low-oxygen environments
and the metabolic complexities affect variations in cashmere fiber diameter [16]. Ad-
vances in sequencing and genotyping technologies have facilitated the identification of
genomic changes linked to goat adaptation to diverse environmental conditions. Key
genes have been implicated in high-altitude adaptation [17,18], responses to hot climates
and immune challenges [19], as well as lipid metabolism, hypoxia stress, lung function,
seasonal behaviors, and neuronal function [20]. For instance, the endothelial PAS domain
protein 1 (EPAS1) regulates the hypoxia-inducible factor 1 (HIF-1) transcriptional complex,
promoting angiogenesis, erythropoiesis, and metabolic shifts to enhance oxygen deliv-
ery to skeletal muscles [21]. Similarly, TNF (Tumor necrosis factor) receptor-associated
protein 1 (TRAP1) contributes to mitochondrial metabolism by inducing HIF1α transcrip-
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tion and preventing its proteasomal degradation [22]. Nevertheless, how goats can thrive
in a wide range of varying climatic and environmental regions remains poorly understood.

The purpose of this experiment was to explore the genetic basis of cashmere traits and
local adaptation in Chinese cashmere goats. To achieve this, we collected a total of 157 samples
of 14 domestic goat breeds and climatic data which was composed of the observations of
6 climatic variables over 30 years. We characterized the patterns of genetic variations in
terms of between-population genetic relationships and within-population genetic diversity.
To uncover the genetic basis of cashmere traits, we conducted genome-wide selective scans
to identify key associated genes. Furthermore, genome–environment association analyses
were performed to detect climate-related genetic variations by integrating molecular and
climatic datasets. Our findings provide valuable insights into local adaptation mechanisms
and the genetic architecture underlying cashmere traits in goats.

2. Materials and Methods
2.1. Genotyping and Quality Control

We collected 157 individuals from 14 domestic goat populations, representing 7 cash-
mere goat breeds: Liaoning Cashmere goat (LN), Arbus cashmere goat (ABS), Erlangshan
cashmere goat (ELS), Alashan cashmere goat (ALS), Tibetan cashmere goat (TB), Chaidamu
cashmere goat (CDM), and Ujumqin cashmere goat (UC) and 7 non-cashmere goat breeds:
Huai goat (HG), Leizhou goat (LG), Tangshan dairy goat (TS), Longlin goat (LL), Yunshang
black goat (YS), Yunnan black bone goat (YN), and Guishan goat (GS). This study aimed to
investigate genetic variants shaped by long-term natural and artificial selection (Figure 1A,
Supplementary Table S1). Whole-genome resequencing data for these individuals were
obtained from the publicly available NCBI database (National Center for Biotechnology
Information, https://www.ncbi.nlm.nih.gov/, accessed on 15 July 2024).

We filtered the raw reads using three criteria: (1) reads with unidentified nucleotides
(N) more than 10%; (2) reads containing adapter and poly-N; (3) reads whose low-quality
base ratio is more than 50%. The clean reads were aligned to the goat reference genome
ARS1.2 (GCA_001704415.1) using the Burrows–Wheeler Aligner (BWA) v0.7.17 MEM mod-
ule [23], with the parameters “bwa -k 32 -M -R”. SAMtools v1.17 was used to convert the file
format from SAM to BAM and to filter out unmapped and non-unique reads [24]. Following
mapping, SNP calling was performed following the GATK Best Practices workflow with
a joint genotyping approach [25]. The process consisted of two steps: (1) variant calling
for each sample using the HaplotypeCaller module with the parameters --genotyping-
mode DISCOVERY --min-base-quality-score 20 --output-mode EMIT_ALL_SITES --emit-
ref-confidence GVCF; and (2) joint genotyping, where all GVCFs were combined using the
GenotypeGVCFs and CombineGVCFs modules. Variant sites were filtered based on the
following criteria: QUAL < 30.0, QD < 2.0, MQ < 40.0, FS > 60.0, HaplotypeScore > 13.0,
MQRankSum < −12.5, and ReadPosRankSum < −8.0, using the VariantFiltration module in
GATK. SNPs were called separately for each species and then merged by Combine GVCFs
and jonintly genetyped by GenotypeGVCFs in GATK. Strict quality control of the SNP
dataset was applied using PLINK v1.09 [26], and individuals and SNPs were excluded
if they met any of the following conditions: (i) SNPs without chromosomal or physical
positions; (ii) SNPs with >10% missing data; (iii) individuals with genotyping rates < 90%;
(iv) minor allele frequency (MAF) < 0.05; and (v) p-value for Hardy–Weinberg equilibrium
(HWE) < 0.001.

https://www.ncbi.nlm.nih.gov/
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Figure 1. Population relationship and structure of cashmere goats and non-cashmere goats.
(A) Geographical distribution of domestic goat breeds in China. (B) LD decay analysis. (C) Prin-
ciple component analysis of 157 goats. (D) NJ tree constructed by identity-by-state matrix among
157 samples. (E) Population structure of 14 goat breeds revealed by ADMIXTURE analysis
(K = 2 to 7), K = 3 is optimal value (red reframe).

2.2. Genetic Diversity and Population Genetic Structure

We assessed the genomic diversity for the populations of goat based on four metrics
including observed heterozygosity (Ho), expected heterozygosity (He), inbreeding coeffi-
cient (FROH), with calculations performed in PLINK v1.09 [26]. We investigated the levels
of linkage disequilibrium (LD) decay between pairs of autosomal SNPs with the r2 estimate
using PopLDdecay v3.41 software [27].
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To examine population genetic structure, principal component analysis (PCA) was
conducted using PLINK v1.90 to explore genetic relationships among breeds. The PCA
results were visualized using the plot function in R v4.4.0. A neighbor-joining (N-J) tree
was generated using FastTree 2.1 and Tassel 5.0 [28], and the tree topology was visualized in
iTOL [29]. The robustness of the tree topology was assessed by performing 1000 bootstrap
replicates. Lastly, the genetic structure of the populations was further explored using
the maximum-likelihood clustering program ADMIXTURE v1.30, with K values ranging
from 2 to 7 [30].

2.3. Genomic Selection Signals Analysis

To identify the genomic signatures of selection between cashmere goats and non-
cashmere goats of the cashmere trait, we calculated the genetic differentiation (FST) values
and nucleotide diversity scores (θπ) for the 50 kb sliding window and 100 kb intervals
along the chromosomes using Vcftools v0.1.17. Furthermore, we calculated the the cross-
population extended haplotype homozygosity (XP-EHH) scores for the 50 bp intervals
along the chromosomes using selscan v1.3.0. For each chromosome, XP-EHH scores were
averaged per window across non-overlapping 50 kb windows. The top 5% of values from
all three methods were selected as candidate outliers under strong selective sweeps.

2.4. Signatures for Local Climatic Adaptation

To investigate local adaptation signatures in cashmere goats, we performed a genome–
environment association analysis. The correlations between SNPs and climatic variables
were calculated using the XtX statistic in BayPass v2.2, which integrates population genetics,
ecological modeling, and statistical learning techniques [31]. To establish a calibrated
threshold (0.01%), we simulated pseudo-observed datasets with 5,000,000 SNPs, allowing
us to identify SNPs potentially under selection, referred to as adaptive SNPs.

For identifying environmental associations of the adaptive SNPs, we selected six
climate variables: annual mean temperature, maximum temperature of the warmest month,
minimum temperature of the coldest month, total annual precipitation, precipitation of the
driest month, and annual precipitation (Table 1, Supplementary Table S2). These climatic
data, spanning from 1970 to 2000, were obtained from WorldClim (https://www.worldclim.
org/data/worldclim21.html#, accessed on 10 July 2024) at a spatial resolution of 1 km for
the specific coordinates of each population. Climate variables were extracted using ArcGIS
v10.4.1 software, which enabled high-resolution visualization of the annual mean climate
variations at the sampling sites.

Table 1. Six climate variables of each population.

Population Bio1 Bio5 Bio6 Bio12 Bio13 Bio14

LN 8.6 26.9 −13.9 679.0 78.0 2.0
LL 18.5 28.5 5.8 1213.0 62.0 2.0
TS 11.5 29.7 −11.1 615.0 189.0 6.0
YN 8.7 17.9 −4.6 948.0 201.0 3.0
YS 15.1 24.0 2.4 976.0 33.0 2.0

CDM 4.2 24.1 −18.5 142.0 75.0 2.0
UC 1.7 27.1 −26.2 301.0 31.0 1.0
ELS 7.2 30.2 −17.6 223.0 13.0 0.0
ABS 7.8 29.7 −16.6 259.0 198.0 13.0
ALS 9.0 31.3 −15.5 129.0 158.0 15.0
HG 15.1 31.7 −3.2 848.0 233.0 14.0
LG 24.0 32.5 13.9 1676.0 192.0 13.0
TB −1.5 18.9 −21.9 32.0 188.0 14.0
GS 14.0 23.3 0.9 996.0 285.0 21.0

https://www.worldclim.org/data/worldclim21.html#
https://www.worldclim.org/data/worldclim21.html#
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2.5. Functional Enrichment Analyses

The 50 kb upstream and downstream regions of significant SNP loci were defined as
candidate regions under selection based on the goat reference genome annotation. Gene
ontology (GO) enrichment and KEGG pathway analyses were performed for the annotated
genes, using the goat genome as the background in the DAVID Bioinformatics Resources
v.6.8 [32]. A threshold of Q < 0.05 was applied, and categories with at least two genes from
the input list were considered significantly enriched in GO terms and KEGG pathways.
To visualize the results, we generated word clouds for the enriched GO terms and KEGG
pathways using the Wordcloud generator (https://www.jasondavies.com/wordcloud/,
accessed on 20 September 2024).

3. Result
3.1. Genome-Wide SNPs’ Detection and Annotation

After stringent data quality control, a total of 12,716,092 high-quality autosomal SNPs
were retained for downstream annotation and analysis. Resequencing data yielded an aver-
age depth of 13.11× across the genome, ensuring reliable variant detection. Furthermore,
99.84% of the reads were successfully mapped to the latest goat reference genome, ARS1.2
(GCA_001704415.1), confirming high alignment accuracy (Supplementary Table S1).

The SnpEff program [33] was utilized to annotate high-quality SNPs based on the
ARS1.2 reference genome. SNPs were categorized according to their genomic locations,
including exonic, intronic, intergenic, upstream, downstream, and splicing regions. Among
these, transcript regions constituted the largest portion of SNPs, accounting for 34.46% of
the total data, closely followed by intronic regions, which made up 33.88%. Exonic regions
represented only 0.58% of the dataset, encompassing 110,187 synonymous mutations. These
classifications provide insight into the functional impact of SNPs within various genomic
regions, which may contribute to phenotypic diversity in the studied goat populations.

3.2. Genomic Diversity and Structure of Domestic Goat Population

To further evaluate the genetic diversity of cashmere goats in comparison to other
Chinese goat breeds, we calculated the He, Ho, and FROH for each breed. Analysis of Ho

and He revealed that the Ho in cashmere goat breeds—specifically ABS, ALS, CDM, ELS,
LN, and TB—was lower than their He suggesting potential inbreeding within these groups
(Table 2). Notably, the LN breed exhibited the highest inbreeding coefficient (FROH = 0.541),
followed by ALS (FROH = 0.523), while the GS breed displayed the lowest inbreeding level
(FROH = 0.036).

In the linkage disequilibrium (LD) decay analysis, the slowest LD decay was observed
in LG, followed by HG and YS, while CDM exhibited the fastest decay (Figure 1B). Gener-
ally, slower LD decay rates are associated with lower domestication levels and stronger
natural selection pressures. These findings suggest that CDM has undergone artificial
breeding with lower selection intensity compared to other breeds, contributing to its higher
genetic diversity.

PCA revealed a distinct geographic clustering pattern among domestic goat popula-
tions (Figure 1C). Cashmere goat populations and non-cashmere goat populations sepa-
rated clearly. In the cashmere goat populations, Inner Mongolia cashmere goats (ALS, ABS,
ELS) and Chaidamu cashmere goats were close to each other. In contrast, non-cashmere
goat populations showed a clear division: northern populations (HG, TS) were distinct
from southern populations (YN, YS, GS, LL, LG). The NJ tree reinforced the PCA results,
showing a clear clustering of cashmere goats with closer genetic relationships (Figure 1D).
ADMIXTURE analysis (Figure 1E) with K = 3 (optimal CV), within the cashmere goat
populations, Inner Mongolia cashmere goats (ALS, ABS, ELS) clustered closely with each

https://www.jasondavies.com/wordcloud/
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other. Except for the LN breed, other cashmere goat populations showed genetic admixture,
likely reflecting crossbreeding between Liaoning cashmere goats and local breeds in their
breeding history. Overall, cashmere goat breeds in China have unique genetic structure.

Table 2. The expected heterozygosity (He), observed heterozygosity (Ho), and inbreeding coefficient
(FROH) of each goat group.

Breeds Number Obs_Hetezygosity Exp_Hetezygosity FROH

ABS 10 0.144751 0.217544 0.517070
ALS 9 0.149858 0.223363 0.522920

CDM 27 0.262376 0.273373 0.076754
ELS 10 0.173097 0.241556 0.427173
GS 6 0.273914 0.238914 0.036232
HG 5 0.238966 0.221172 0.159380
LG 5 0.205116 0.188409 0.278300
LL 15 0.22665 0.232717 0.202993
LN 13 0.133443 0.218359 0.541562
TB 6 0.233774 0.23865 0.178202
TS 15 0.230768 0.245215 0.192126
UC 10 0.266199 0.258638 0.063418
YN 20 0.25967 0.251541 0.086361
YS 6 0.259122 0.232894 0.088293

3.3. Genome-Wide Selective Sweeps

In order to identify significant selectives linked to cashmere traits, we compared
the genetic differentiation between cashmere and non-cashmere goat populations. This
was achieved by estimating FST, ln-ratio θπ, and XP-EHH along the genome. Through
this analysis, we identified 2357, 3055, and 2045 genes by estimating FST, ln-ratio θπ,
and XP-EHH, respectively (Figure 2A, Supplementary Tables S3–S5). Notably, we found
significant signals associated with both previously known and newly identified func-
tional genes. A total of 322 genes were shared between the three selection scan metrics
(Supplementary Table S6). For example, Gong et al. [34] reported that AKT3 expression
was significantly lower in long-haired Inner Mongolian cashmere goats and suggested
that it might suppress hair growth. Comparative study identified the FGF5 genes as a
candidate that might improve goat fiber traits [35]. Jin et al. [36] revealed the forkhead box
P1 (FOXP1) gene in cashmere goats that is crucial for preserving quiescence of hair follicle
progenitor cells. These genes were also found in our study. We specifically identified novel
genes related to cashmere traits in goats, including ZEB1, ZNRF3, MAPK8IP3, MAPK8IP2,
and AXIN1.

There are 31 significantly enriched (p < 0.05) GO terms associated with selected
genes, involving defense response to Gram-negative bacterium, receptor localization to
synapse, phosphatidylinositol biosynthetic process, positive regulation of JNK cascade,
phosphorylation, defense response to Gram-positive bacterium, antimicrobial humoral
immune response mediated by antimicrobial peptide, positive regulation of TOR signaling,
and JNK cascade (Figure 2B, Supplementary Table S7). KEGG enrichment analysis revealed
that these genes are strongly linked to several biologically significant pathways, including
breast cancer, MAPK signaling pathway, endometrial cancer, Salivary secretion, Gastric
cancer, Rap1 signaling pathway, NOD-like receptor signaling pathway, purine metabolism,
calcium signaling pathway, Hippo signaling pathway, and cholinergic synapse (Figure 2C,
Supplementary Table S8).
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(B) Gene ontology (GO) terms for genes under selection in cashmere goats. (C) KEGG pathways
enrichment analysis for selected genes in cashmere goats.

3.4. Genome-Wide Scans for Local Climate Adaptation

To identify genes associated with local climate adaptation, we focused on Chinese
cashmere goats and conducted genome–environment association (GEA) analyses using
BayPass [31]. Genes containing at least one SNP with a BF > 20 (which indicates deci-
sive evidence for association according to Jeffreys’ rule [37]) with a specific environmen-
tal covariate were considered potential candidate genes (Figure 3A). BayPass identified
1079 SNPs putatively under selection for six climate variations and found 279 functional
genes located at or near (within 50 kb) these SNPs. These genes were presumably in-
volved in cancer (SMG6, HCK), cellular growth (CPVL), reproduction (ADGB, CRISP1,
CTTNBP2NL, WDR78), and nervous system (AUTS2, CNTNAP2, CPVL, SRGAP2).

Building on those insights, we further identified 137 specific genes under selection
by FST and BayPass (Figure 3B, Supplementary Table S9). We identified genes associated
with cashmere traits, such as KAP8, KRT8, FGF5, and PDGFRB. Additionally, we found
that genes PRDM8, SLC26A2, SCAMP1, EPHX1, CDC25A, POLK, RXFP2, and OXR1 are
involved in adaptation to local climates. For example, RXFP2 and OXR1 had been reported
to be involved in heat and cold adaptation [13,38]. The downregulation of PRDM8 is
proposed as a potential mechanism of transcriptional regulation, akin to the previously
reported effect of hypoxia-inducible factor 1α in high-altitude environments [39]. SCAMP1
was found to be associated with the hypoxia response and ultraviolet radiation damage [40].

GO enrichment analysis was conducted on the 137 candidate genes associated with en-
vironmental factors to assess their functional enrichment across various biological processes,
molecular functions, and KEGG pathways. We revealed 11 GO terms using a threshold
of p < 0.05 (Figure 3C, Supplementary Table S10). In KEGG enrichment analyses, these
genes were found to be closely associated with several biologically important pathways
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(p < 0.05), melanoma, Ras signaling pathway, glioma, Rap1 signaling pathway, and chemical
carcinogenesis—receptor activation (Supplementary Table S10).
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4. Discussion
In this study, we used resequenced data of the genomes of 85 cashmere goats and

72 non-cashmere goats. Population genetic analysis revealed a clear separation between
cashmere and non-cashmere goat populations. However, Inner Mongolia cashmere goats
(IMC) and Chaidamu cashmere (CDMC) goats were close to each other. This finding aligns
with Han et al. [7], who reported that IMC and CDMC belong to the northern cashmere
goat populations, distinct from other ordinary goat populations. The mixed phenomena of
Liaoning flocks with others due to the fact that most of the cashmere goat breeds in China
were obtained by crossbreeding Liaoning goats. For instance, Shaanbei White cashmere
goats were obtained by crossing Liaoning cashmere and Shaanbei Ziwuling Black goats [41].
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A genome-wide selection scan analysis demonstrated selective sweep regions in
cashmere goats containing genes such as AKT3, MUC6, FGF5, FOXP1, ZEB1, TGFBR3,
ZNRF3, MAPK8IP3, MAPK8IP2, and AXIN1. Gong et al. [34] reported that AKT3 expression
was significantly lower in long-haired Inner Mongolian cashmere goats and suggested that
it might suppress hair growth. The PI3K-Akt signaling pathway has been implicated in
the de novo renewal of hair follicles [42]. ZEB1, a zinc-finger transcription factor, regulates
melanocyte differentiation through the WNT, TGF-β, and Notch signaling pathways [43],
suggesting it may influence cashmere fiber coloration. Transforming growth factor receptor
β 3 (TGFBR3), a key component of the TGF-β signaling pathway, may be involved in hair
follicle development [44]. Zinc and ring finger 3 (ZNRF3) has been shown to regulate
Wnt signaling [45], a pathway crucial for hair follicle morphogenesis [44]. Additionally,
AXIN1, which plays a central role in integrating WNT/β-catenin signaling, Hippo signaling,
and TGFβ signaling, could also contribute to the mechanisms of cashmere production [46].
Mitogen-activated protein kinase 8 interacting protein 3 (MAPK8IP3) and mitogen-activated
protein kinase 8 interacting protein 2 (MAPK8IP2) are the members of the MAPK signaling,
which is required for hair follicle growth phase and stem cell inactivity [47]. Interestingly,
our study identified the mucin 6 (MUC6) gene, which was associated with domestication
origin in goat [48]. These findings suggest that cashmere traits are likely influenced by
genes involved in hair follicle development and provide theoretical support for further
functional experiments [49].

Through genome-wide scans for local adaptation, we identified 137 candidate genes
that were significantly associated with climate factors. Among these, genes such as KAP8,
KRT8, FGF5, and PDGFRB have been reported to be associated with the production mecha-
nisms of cashmere [50–52]. Northern China experiences a relatively cold and dry climate,
while southern China is characterized by a hotter and more humid climate [53]. North-
ern goats, particularly those bred for cashmere production, have dense coats and more
compact bodies compared to their southern counterparts [54]. It indicated that the en-
vironment may have an influence on the growth of cashmere. Several genes related to
hypoxia response, including PRDM8, SLC26A2, SCAMP1, and EPHX1 were also identi-
fied [39,40,49,55]. Notably, EPHX1 plays a key role in regulating hypoxia-induced genes
that affect blood pressure and circulation [55]. SCAMP1, CDC25A, and POLK are asso-
ciated with responses to ultraviolet (UV) radiation. SCAMP1 is linked to UV damage
resilience [40], while CDC25A deletion promotes apoptosis and enhances DNA damage
repair following UV exposure [56]. POLK, a DNA polymerase involved in nucleotide exci-
sion repair and trans-lesion synthesis, plays a crucial role in repairing ultraviolet-induced
DNA damage. Its ability to localize to damage sites is dependent on the catalytic activity
of METTL3 [57]. Additionally, FBXL21 was detected to be linked to mammalian circadian
rhythms in sheep [58]. These findings suggest that these genes may contribute to local
adaptation in Chinese goats, supporting the differentiation between northern and southern
goat populations and potentially influencing cashmere development.

5. Conclusions
Our study identified several key genes likely influencing both cashmere yield and

quality, as well as the local environmental adaptation of goats. Genes such as AKT3,
FOXP1, FGF5, TGFBR3, ZEB1, ZNRF3, MAPK8IP3, MAPK8IP2, and AXIN1 appear crucial
for hair follicle development and cellular signaling, impacting the fiber traits critical for
cashmere production. Additionally, genes like KAP8, KRT8, FGF5, and PDGFRB along with
PRDM8, SLC26A2, SCAMP1, EPHX1, CDC25A, POLK, RXFP2, and OXR1 are associated
with responses to environmental stresses, including UV radiation repair, hypoxia, and
oxidative resilience. These genes may contribute to cashmere goats’ adaptation to regional
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climates, indicating genetic foundations for traits that support survival and performance in
diverse environments.

While further experimental validation is needed to clarify the specific mechanisms,
these findings lay a valuable foundation for advancing cashmere goat breeding. Our
study highlights actionable genetic targets for enhancing both cashmere quality and
adaptability, with significant potential for supporting sustainable growth in the Chinese
cashmere industry.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes16030292/s1, Table S1: Whole sequencing data information
of goats in this study. Table S2: Six climate variables of each population. Table S3: The top 5% of
candidate genes under selection in cashmere goats by FST. Table S4: The top 5% of candidate genes
under selection in cashmere goats by θπ. Table S5: The top 5% of candidate genes under selection
in cashmere goats by XP-EHH. Table S6: Overlapping selection candidate genes for cashmere goats
by FST, θπ, and XP-EHH. Table S7: GO analysis for the regional candidate genes selected in cash-
mere goat. Table S8: KEGG analysis for the regional candidate genes selected in cashmere goat.
Table S9: Overlapping selection candidate genes for cashmere goats by FST and BAYPASS.
Table S10: GO & KEGG analysis for the regional candidate genes with Genome-wide scans for
local adaptation significant association.

Author Contributions: S.X. and K.L. conceived and supervised the study. H.D. conducted the data
analysis. H.D., H.Z. and Z.A. wrote the manuscript, and H.Z., S.X. and K.L. revised the paper. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Project of Northern Agriculture and Livestock Husbandry
Technology Innovation Center, Chinese Academy of Agricultural Sciences (BFGJ2022002), the Na-
tional Key Research and Development Program of China (2021YFD1200900, 2023YFF1001003, and
2023YFF1000900), Biological Breeding-National Science and Technology Major Project (2023ZD0407106),
the National Natural Science Foundation of China (32102511, 31661143014, 31972527, 32320103006, and
32272845), Chinese Universities Scientific Fund (2024TC162), and National High Level Hospital Clinical
Research Funding (2023-NHLHCRF-YXHZ-TJMS-09). We thank the High-performance Computing
Platform of China Agricultural University for providing computing resources.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data were downloaded from NCBI. All scripts used for this
work were performed using open-source software tools and are available from the corresponding
authors upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Daly, K.G.; Delser, P.M.; Mullin, V.E.; Scheu, A.; Mattiangeli, V.; Teasdale, M.D.; Hare, A.J.; Burger, J.; Verdugo, M.P.; Collins, M.J.; et al.

Ancient goat genomes reveal mosaic domestication in the Fertile Crescent. Science 2018, 361, 85–87. [CrossRef] [PubMed]
2. Zeder, M.A.; Hesse, B. The initial domestication of goats (Capra hircus) in the Zagros mountains 10,000 years ago. Science 2000,

287, 2254–2257. [CrossRef]
3. Ahmad, H.I.; Ahmad, M.J.; Jabbir, F.; Ahmar, S.; Ahmad, N.; Elokil, A.A.; Chen, J.P. The Domestication Makeup: Evolution,

Survival, and Challenges. Front. Ecol. Evol. 2020, 8, 17. [CrossRef]
4. Panigrahi, M.; Kumar, H.; Saravanan, K.A.; Rajawat, D.; Nayak, S.S.; Ghildiyal, K.; Kaisa, K.; Parida, S.; Bhushan, B.; Dutt, T.

Trajectory of livestock genomics in South Asia: A comprehensive review. Gene 2022, 843, 146808. [CrossRef] [PubMed]
5. Qiao, X.; Su, R.; Wang, Y.; Wang, R.J.; Yang, T.; Li, X.K.; Chen, W.; He, S.Y.; Jiang, Y.; Xu, Q.W.; et al. Genome-wide Target

Enrichment-aided Chip Design: A 66 K SNP Chip for Cashmere Goat. Sci. Rep. 2017, 7, 13. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/genes16030292/s1
https://www.mdpi.com/article/10.3390/genes16030292/s1
https://doi.org/10.1126/science.aas9411
https://www.ncbi.nlm.nih.gov/pubmed/29976826
https://doi.org/10.1126/science.287.5461.2254
https://doi.org/10.3389/fevo.2020.00103
https://doi.org/10.1016/j.gene.2022.146808
https://www.ncbi.nlm.nih.gov/pubmed/35973570
https://doi.org/10.1038/s41598-017-09285-z
https://www.ncbi.nlm.nih.gov/pubmed/28819310


Genes 2025, 16, 292 12 of 14

6. Cai, Y.D.; Fu, W.W.; Cai, D.W.; Heller, R.; Zheng, Z.Q.; Wen, J.; Li, H.; Wang, X.L.; Alshawi, A.; Sun, Z.Y.; et al. Ancient Genomes
Reveal the Evolutionary History and Origin of Cashmere-Producing Goats in China. Mol. Biol. Evol. 2020, 37, 2099–2109.
[CrossRef] [PubMed]

7. Han, H.; Yang, M.M.; Dan, J.; Chao, S.Y.; Zhang, X.J.; Wei, Q.; Chen, T.; Wang, Q.J.; Yang, C.Y.; Wulan, B.; et al. Selection signatures
in goats reveal a novel deletion mutant underlying cashmere yield and diameter. GigaScience 2022, 11, 14. [CrossRef]

8. Sheikh, F.D.; Ganai, T.A.S.; Ganai, A.M.; Alam, S.; Asmat, S. Exploring genetic diversity in cashmere goats of Ladakh for
enhancing production. Small Rumin. Res. 2021, 201, 11. [CrossRef]

9. Baldan, S.; Sölkner, J.; Gebre, K.T.; Mészáros, G.; Crooijmans, R.; Periasamy, K.; Pichler, R.; Manaljav, B.; Baatar, N.; Purevdorj, M.
Genetic characterization of cashmere goat (Capra hircus) populations in Mongolia. Front. Genet. 2024, 15, 17. [CrossRef]

10. Delandmeter, M.; Carvalho, P.C.D.; Bremm, C.; Cargnelutti, C.D.; Bindelle, J.; Dumont, B. Integrated crop and livestock systems
increase both climate change adaptation and mitigation capacities. Sci. Total Environ. 2024, 912, 169061. [CrossRef] [PubMed]

11. Pitt, D.; Bruford, M.W.; Barbato, M.; Orozco-terWengel, P.; Martínez, R.; Sevane, N. Demography and rapid local adaptation
shape Creole cattle genome diversity in the tropics. Evol. Appl. 2019, 12, 105–122. [CrossRef]

12. Weldenegodguad, M.; Popov, R.; Pokharel, K.; Ammosov, L.; Ming, Y.; Ivanova, Z.; Kantanen, J. Whole-Genome Sequencing of
Three Native Cattle Breeds Originating from the Northernmost Cattle Farming Regions. Front. Genet. 2019, 9, 728. [CrossRef]
[PubMed]

13. Tian, R.G.; Nanaie, H.A.; Wang, X.; Dalai, B.; Zhao, M.; Wang, F.; Li, H.; Yang, D.; Zhang, H.; Li, Y.; et al. Genomic adaptation to
extreme climate conditions in beef cattle as a consequence of cross-breeding program. BMC Genom. 2023, 24, 10. [CrossRef]

14. Liu, S.; Feng, X. Study on the bioclimatic law of Chinese goat. J. Domest. Anim. Ecol. 1993, 14, 10–15. (In Chinese)
15. Jiang, H.; Li, M.; Lou, Y.; Ma, N. Study on the relationship between ecological environment and the distribution and productive

performance in Chinese Cashmere Goats. Ecol. Domest. Anim. 2001, 22, 30–34. (In Chinese)
16. Zhao, B.R.; Suo, L.D.; Wu, Y.J.; Chen, T.; Tulafu, H.; Lu, Q.W.; Liu, W.N.; Sammad, A.; Wu, C.L.; Fu, X.F. Stress adaptation in

Tibetan cashmere goats is governed by inherent metabolic differences and manifested through variable cashmere phenotypes.
Genomics 2024, 116, 10. [CrossRef]

17. Manunza, A.; Diaz, J.R.; Sayre, B.L.; Cozzi, P.; Bobbo, T.; Deniskova, T.; Dotsev, A.; Zinovieva, N.; Stella, A. Discovering novel
clues of natural selection on four worldwide goat breeds. Sci. Rep. 2023, 13, 19. [CrossRef]

18. Wang, X.L.; Liu, J.; Zhou, G.X.; Guo, J.Z.; Yan, H.L.; Niu, Y.Y.; Li, Y.; Yuan, C.; Geng, R.Q.; Lan, X.Y.; et al. Whole-genome
sequencing of eight goat populations for the detection of selection signatures underlying production and adaptive traits. Sci. Rep.
2016, 6, 10. [CrossRef] [PubMed]

19. Ghanatsaman, Z.A.; Mehrgardi, A.A.; Nanaei, H.A.; Esmailizadeh, A. Comparative genomic analysis uncovers candidate genes
related with milk production and adaptive traits in goat breeds. Sci. Rep. 2023, 13, 10. [CrossRef] [PubMed]

20. Serranito, B.; Cavalazzi, M.; Vidal, P.; Taurisson-Mouret, D.; Ciani, E.; Bal, M.; Rouvellac, E.; Servin, B.; Moreno-Romieux, C.;
Tosser-Klopp, G.; et al. Local adaptations of Mediterranean sheep and goats through an integrative approach. Sci. Rep. 2021,
11, 17. [CrossRef]

21. van Patot, M.C.T.; Gassmann, M. Hypoxia: Adapting to High Altitude by Mutating EPAS-1, the Gene Encoding HIF-2α. High Alt.
Med. Biol. 2011, 12, 157–167. [CrossRef] [PubMed]

22. Laquatra, C.; Sanchez-Martin, C.; Dinarello, A.; Cannino, G.; Minervini, G.; Moroni, E.; Schiavone, M.; Tosatto, S.; Argenton, F.;
Colombo, G.; et al. HIF1α-dependent induction of the mitochondrial chaperone TRAP1 regulates bioenergetic adaptations to
hypoxia. Cell Death Dis. 2021, 12, 14. [CrossRef] [PubMed]

23. Li, H.; Durbin, R. Fast and accurate long-read alignment with Burrows–Wheeler transform. Bioinformatics 2010, 26, 589–595.
[CrossRef]

24. Hassanin, A.; Bonillo, C.; Bui, X.N.; Cruaud, C. Comparisons between mitochondrial genomes of domestic goat (Capra hircus)
reveal the presence of numts and multiple sequencing errors. Mitochondrial DNA 2010, 21, 68–76. [CrossRef]

25. McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.;
Daly, M.; et al. The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data.
Genome Res. 2010, 20, 1297–1303. [CrossRef] [PubMed]

26. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I.W.;
Daly, M.J.; et al. PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum.
Genet. 2007, 81, 559–575. [CrossRef] [PubMed]

27. Zhang, C.; Dong, S.S.; Xu, J.Y.; He, W.M.; Yang, T.L. PopLDdecay: A fast and effective tool for linkage disequilibrium decay
analysis based on variant call format files. Bioinformatics 2019, 35, 1786–1788. [CrossRef] [PubMed]

28. Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree: Computing Large Minimum Evolution Trees with Profiles instead of a Distance
Matrix. Mol. Biol. Evol. 2009, 26, 1641–1650. [CrossRef]

29. Letunic, I.; Bork, P. Interactive tree of life (iTOL) v3: An online tool for the display and annotation of phylogenetic and other trees.
Nucleic Acids Res. 2016, 44, W242–W245. [CrossRef]

https://doi.org/10.1093/molbev/msaa103
https://www.ncbi.nlm.nih.gov/pubmed/32324877
https://doi.org/10.1093/gigascience/giac107
https://doi.org/10.1016/j.smallrumres.2021.106409
https://doi.org/10.3389/fgene.2024.1421529
https://doi.org/10.1016/j.scitotenv.2023.169061
https://www.ncbi.nlm.nih.gov/pubmed/38061655
https://doi.org/10.1111/eva.12641
https://doi.org/10.3389/fgene.2018.00728
https://www.ncbi.nlm.nih.gov/pubmed/30687392
https://doi.org/10.1186/s12864-023-09235-2
https://doi.org/10.1016/j.ygeno.2024.110801
https://doi.org/10.1038/s41598-023-27490-x
https://doi.org/10.1038/srep38932
https://www.ncbi.nlm.nih.gov/pubmed/27941843
https://doi.org/10.1038/s41598-023-35973-0
https://www.ncbi.nlm.nih.gov/pubmed/37253766
https://doi.org/10.1038/s41598-021-00682-z
https://doi.org/10.1089/ham.2010.1099
https://www.ncbi.nlm.nih.gov/pubmed/21718164
https://doi.org/10.1038/s41419-021-03716-6
https://www.ncbi.nlm.nih.gov/pubmed/33934112
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.3109/19401736.2010.490583
https://doi.org/10.1101/gr.107524.110
https://www.ncbi.nlm.nih.gov/pubmed/20644199
https://doi.org/10.1086/519795
https://www.ncbi.nlm.nih.gov/pubmed/17701901
https://doi.org/10.1093/bioinformatics/bty875
https://www.ncbi.nlm.nih.gov/pubmed/30321304
https://doi.org/10.1093/molbev/msp077
https://doi.org/10.1093/nar/gkw290


Genes 2025, 16, 292 13 of 14

30. Alexander, D.H.; Novembre, J.; Lange, K. Fast model-based estimation of ancestry in unrelated individuals. Genome Res. 2009,
19, 1655–1664. [CrossRef] [PubMed]

31. Gautier, M. Genome-Wide Scan for Adaptive Divergence and Association with Population-Specific Covariates. Genetics 2015,
201, 1555–1579. [CrossRef]

32. Huang, D.W.; Sherman, B.T.; Tan, Q.; Kir, J.; Liu, D.; Bryant, D.; Guo, Y.; Stephens, R.; Baseler, M.W.; Lane, H.C.; et al. DAVID
Bioinformatics Resources: Expanded annotation database and novel algorithms to better extract biology from large gene lists.
Nucleic Acids Res. 2007, 35, W169–W175. [CrossRef] [PubMed]

33. Cingolani, P.; Platts, A.; Wang, L.L.; Coon, M.; Nguyen, T.; Wang, L.; Land, S.J.; Lu, X.Y.; Ruden, D.M. A program for annotating
and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain
w1118; iso-2; iso-3. Fly 2012, 6, 80–92. [CrossRef]

34. Gong, G.; Fan, Y.X.; Zhang, Y.; Yan, X.C.; Li, W.Z.; Yan, X.M.; He, L.B.; Wang, N.; Chen, O.; He, D.; et al. The regulation mechanism
of different hair types in inner Mongolia cashmere goat based on PI3K-AKT pathway and FGF21. J. Anim. Sci. 2022, 100, 11.
[CrossRef] [PubMed]

35. Guan, D.L.; Luo, N.J.; Tan, X.S.; Zhao, Z.Q.; Huang, Y.F.; Na, R.S.; Zhang, J.H.; Zhao, Y.J. Scanning of selection signature provides
a glimpse into important economic traits in goats (Capra hircus). Sci. Rep. 2016, 6, 7. [CrossRef] [PubMed]

36. Jin, M.L.; Lu, J.; Fei, X.J.; Lu, Z.K.; Quan, K.; Liu, Y.B.; Chu, M.X.; Di, R.; Wang, H.H.; Wei, C.H. Genetic Signatures of Selection for
Cashmere Traits in Chinese Goats. Animals 2020, 10, 1905. [CrossRef] [PubMed]

37. Jeffreys, H. Theory of Probability, 3rd ed.; Oxford University Press: Oxford, UK, 1961.
38. Ben-Jemaa, S.; Adam, G.; Boussaha, M.; Bardou, P.; Klopp, C.; Mandonnet, N.; Naves, M. Whole genome sequencing reveals

signals of adaptive admixture in Creole cattle. Sci. Rep. 2023, 13, 12. [CrossRef]
39. Fan, R.; Gu, Z.; Guang, X.; Marín, J.C.; Varas, V.; González, B.A.; Wheeler, J.C.; Hu, Y.; Li, E.; Sun, X.; et al. Genomic analysis of the

domestication and post-Spanish conquest evolution of the llama and alpaca. Genome Biol. 2020, 21, 159. [CrossRef]
40. Lyu, T.; Zhou, S.; Fang, J.; Wang, L.; Shi, L.; Dong, Y.; Zhang, H. Convergent Genomic Signatures of High-Altitude Adaptation

among Six Independently Evolved Mammals. Animals 2022, 12, 3572. [CrossRef]
41. Bi, Y.; Feng, B.; Wang, Z.; Zhu, H.J.; Qu, L.; Lan, X.Y.; Pan, C.Y.; Song, X.Y. Myostatin (MSTN) Gene Indel Variation and Its

Associations with Body Traits in Shaanbei White Cashmere Goat. Animals 2020, 10, 168. [CrossRef]
42. Chen, Y.; Fan, Z.M.; Wang, X.X.; Mo, M.H.; Zeng, S.B.; Xu, R.H.; Wang, X.S.; Wu, Y.J. PI3K/Akt signaling pathway is essential for

de novo hair follicle regeneration. Stem Cell Res. Ther. 2020, 11, 10. [CrossRef]
43. Bruneel, K.; Verstappe, J.; Vandamme, N.; Berx, G. Intrinsic Balance between ZEB Family Members Is Important for Melanocyte

Homeostasis and Melanoma Progression. Cancers 2020, 12, 2248. [CrossRef] [PubMed]
44. Rishikaysh, P.; Dev, K.; Diaz, D.; Qureshi, W.M.S.; Filip, S.; Mokry, J. Signaling Involved in Hair Follicle Morphogenesis and

Development. Int. J. Mol. Sci. 2014, 15, 1647–1670. [CrossRef]
45. Hao, H.X.; Xie, Y.; Zhang, Y.; Charlat, O.; Oster, E.; Avello, M.; Lei, H.; Mickanin, C.; Liu, D.; Ruffner, H.; et al. ZNRF3 promotes

Wnt receptor turnover in an R-spondin-sensitive manner. Nature 2012, 485, 195–200. [CrossRef] [PubMed]
46. Qiu, L.; Sun, Y.X.; Ning, H.M.; Chen, G.Y.; Zhao, W.S.; Gao, Y.F. The scaffold protein AXIN1: Gene ontology, signal network, and

physiological function. Cell Commun. Signal. 2024, 22, 77. [CrossRef]
47. Öztürk, Ö.; Pakula, H.; Chmielowiec, J.; Qi, J.J.; Stein, S.; Lan, L.X.; Sasaki, Y.; Rajewsky, K.; Birchmeier, W. Gab1 and Mapk

Signaling Are Essential in the Hair Cycle and Hair Follicle Stem Cell Quiescence. Cell Rep. 2015, 13, 561–572. [CrossRef]
48. Zheng, Z.Q.; Wang, X.H.; Li, M.; Li, Y.J.; Yang, Z.R.; Wang, X.L.; Pan, X.Y.; Gong, M.A.; Zhang, Y.; Guo, Y.W.; et al. The origin of

domestication genes in goats. Sci. Adv. 2020, 6, 13. [CrossRef] [PubMed]
49. Terefe, E.; Belay, G.; Han, J.; Hanotte, O.; Tijjani, A. Genomic adaptation of Ethiopian indigenous cattle to high altitude. Front.

Genet. 2022, 13, 960234. [CrossRef] [PubMed]
50. Duan, C.; Zhang, L.; Gao, K.; Guo, Y.; Liu, Y.-q.; Zhang, Y. Cashmere production, skin characteristics, and mutated genes in

crimped cashmere fibre goats. Anim. Int. J. Anim. Biosci. 2022, 16, 100565. [CrossRef] [PubMed]
51. Li, X.K.; Su, R.; Wan, W.T.; Zhang, W.G.; Jiang, H.Z.; Qiao, X.; Fan, Y.X.; Zhang, Y.J.; Wang, R.J.; Liu, Z.H.; et al. Identification of

selection signals by large-scale whole-genome resequencing of cashmere goats. Sci. Rep. 2017, 7, 10. [CrossRef] [PubMed]
52. Wu, C.; Ma, S.-c.; Zhao, B.; Qin, C.; Wu, Y.; Di, J.; Suo, L.; Fu, X. Drivers of plateau adaptability in cashmere goats revealed by

genomic and transcriptomic analyses. BMC Genom. 2023, 24, 428. [CrossRef] [PubMed]
53. Jian, Z. Mapping of the north-south demarcation zone in China based on GIS. J. Lanzhou Univ. 2012, 48, 28–33.
54. Du, L.X. Animal Genetic Resources in China; China Agriculture Press: Beijing, China, 2011.
55. Yang, Y.; Yuan, H.; Yang, T.; Li, Y.; Gao, C.; Jiao, T.; Cai, Y.; Zhao, S. The Expression Regulatory Network in the Lung Tissue

of Tibetan Pigs Provides Insight into Hypoxia-Sensitive Pathways in High-Altitude Hypoxia. Front. Genet. 2021, 12, 691592.
[CrossRef] [PubMed]

https://doi.org/10.1101/gr.094052.109
https://www.ncbi.nlm.nih.gov/pubmed/19648217
https://doi.org/10.1534/genetics.115.181453
https://doi.org/10.1093/nar/gkm415
https://www.ncbi.nlm.nih.gov/pubmed/17576678
https://doi.org/10.4161/fly.19695
https://doi.org/10.1093/jas/skac292
https://www.ncbi.nlm.nih.gov/pubmed/36056739
https://doi.org/10.1038/srep36372
https://www.ncbi.nlm.nih.gov/pubmed/27796358
https://doi.org/10.3390/ani10101905
https://www.ncbi.nlm.nih.gov/pubmed/33080940
https://doi.org/10.1038/s41598-023-38774-7
https://doi.org/10.1186/s13059-020-02080-6
https://doi.org/10.3390/ani12243572
https://doi.org/10.3390/ani10010168
https://doi.org/10.1186/s13287-020-01650-6
https://doi.org/10.3390/cancers12082248
https://www.ncbi.nlm.nih.gov/pubmed/32796736
https://doi.org/10.3390/ijms15011647
https://doi.org/10.1038/nature11019
https://www.ncbi.nlm.nih.gov/pubmed/22575959
https://doi.org/10.1186/s12964-024-01482-4
https://doi.org/10.1016/j.celrep.2015.09.015
https://doi.org/10.1126/sciadv.aaz5216
https://www.ncbi.nlm.nih.gov/pubmed/32671210
https://doi.org/10.3389/fgene.2022.960234
https://www.ncbi.nlm.nih.gov/pubmed/36568400
https://doi.org/10.1016/j.animal.2022.100565
https://www.ncbi.nlm.nih.gov/pubmed/35714387
https://doi.org/10.1038/s41598-017-15516-0
https://www.ncbi.nlm.nih.gov/pubmed/29123196
https://doi.org/10.1186/s12864-023-09333-1
https://www.ncbi.nlm.nih.gov/pubmed/37528361
https://doi.org/10.3389/fgene.2021.691592
https://www.ncbi.nlm.nih.gov/pubmed/34691141


Genes 2025, 16, 292 14 of 14

56. Yanagida, J.; Hammiller, B.; Al-Matouq, J.; Behrens, M.; Trempus, C.S.; Repertinger, S.K.; Hansen, L.A. Accelerated elimination of
ultraviolet-induced DNA damage through apoptosis in CDC25A-deficient skin. Carcinogenesis 2012, 33, 1754–1761. [CrossRef]
[PubMed]

57. Xiang, Y.; Laurent, B.; Hsu, C.H.; Nachtergaele, S.; Lu, Z.K.; Sheng, W.Q.; Xu, C.Y.; Chen, H.; Ouyang, J.; Wang, S.Q.; et al. RNA
m6A methylation regulates the ultraviolet-induced DNA damage response. Nature 2017, 543, 573–576. [CrossRef] [PubMed]

58. Yoo, S.-H.; Mohawk, J.A.; Siepka, S.M.; Shan, Y.; Huh, S.K.; Hong, H.; Kornblum, I.; Kumar, V.; Koike, N.; Xu, M.; et al. Competing
E3 Ubiquitin Ligases Govern Circadian Periodicity by Degradation of CRY in Nucleus and Cytoplasm. Cell 2013, 152, 1091–1105.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/carcin/bgs168
https://www.ncbi.nlm.nih.gov/pubmed/22764135
https://doi.org/10.1038/nature21671
https://www.ncbi.nlm.nih.gov/pubmed/28297716
https://doi.org/10.1016/j.cell.2013.01.055
https://www.ncbi.nlm.nih.gov/pubmed/23452855

	Introduction 
	Materials and Methods 
	Genotyping and Quality Control 
	Genetic Diversity and Population Genetic Structure 
	Genomic Selection Signals Analysis 
	Signatures for Local Climatic Adaptation 
	Functional Enrichment Analyses 

	Result 
	Genome-Wide SNPs’ Detection and Annotation 
	Genomic Diversity and Structure of Domestic Goat Population 
	Genome-Wide Selective Sweeps 
	Genome-Wide Scans for Local Climate Adaptation 

	Discussion 
	Conclusions 
	References

