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23 ABSTRACT

24 Indigenous sheep breeds in Xinjiang, China, display marked phenotypic diversity 

25 across heterogeneous environments, yet their population structure and evolutionary 

26 history of key traits remain incompletely resolved. We analyzed whole-genome 

27 resequencing data from 1 363 individuals representing 14 indigenous Xinjiang sheep 

28 populations. Population genomic analyses revealed three major genetic clusters. Cele 

29 Black and Karakul sheep formed two distinct lineages that diverged from the main 

30 cluster approximately 2 000 years ago, whereas the remaining breeds separated more 

31 recently, approximately 1 000 years ago. Trait-focused selection scans identified 

32 candidate loci associated with reproductive seasonality, coat color, and fat-rumped 

33 morphology. Comparisons between year-round and seasonal breeders showed strong 

34 selection at TSHR in year-round estrus breeds. Fine mapping prioritized a candidate 

35 regulatory variant (g. 90612698 T>G), which was enriched in year-round breeders and 

36 associated by expression quantitative trait locus (eQTL) analysis with reduced TSHR 

37 expression in thyroid tissue. Coat-color comparisons identified a high-frequency KIT 

38 variant (g.70935444 G>A) in Cele Black and Karakul sheep, with allele-frequency 

39 trajectory inference indicating a recent rise approximately 400 years ago. For fat-

40 rumped sheep, ancestral recombination graph reconstruction traced the genealogical 

41 history of a TBXT-associated variant (g.88882077 C>A), whose derived allele increased 

42 in frequency approximately 1 800 years ago. Overall, our results provide a genome-wide 

43 view of genetic diversity and demographic history in Xinjiang sheep and highlight 

  



44 candidate variants underlying economically important traits, offering resources for 

45 conservation and molecular breeding.

46 Keywords ： Whole-genome resequencing; Population structure; Genetic diversity; 

47 Demographic history; Xinjiang indigenous sheep

48

49 INTRODUCTION

50 Against the backdrop of accelerating global climate change and the transition of 

51 livestock production systems toward sustainability, elucidating livestock population 

52 structure and environmental adaptation has become an important research topic in 

53 evolutionary biology and precision breeding (Hayes et al., 2013; Passamonti et al., 

54 2021). Local breeds have been jointly shaped by long-term natural selection and region-

55 specific production systems and therefore often harbor abundant adaptive genetic 

56 variation. As a result, they represent important genetic resources for investigating 

57 environmental adaptation and breed formation in domestic animals (Hoffmann, 2010; 

58 Hoffmann, 2013; Leroy et al., 2018). Xinjiang is an important eco-geographical region 

59 in northwestern China and provides an ideal setting for studying genetic diversity, 

60 population differentiation, and trait-associated variation in local livestock. This region 

61 occupies a strategic inland position in Eurasia and historically served as a major hub 

62 along the Silk Road (Chan, 2025). In addition, Xinjiang is characterized by complex 

63 topography, diverse ecosystems, and marked environmental heterogeneity (Yao et al., 

64 2022). Under the combined effects of variation in climate, water availability, vegetation, 

65 and local production systems, 14 indigenous sheep breeds have formed in Xinjiang and 

  



66 exhibit substantial phenotypic divergence (Yao et al., 2022; Zhang et al., 2023a; Zhang 

67 et al., 2023b). Previous studies have revealed the lineage history of Chinese indigenous 

68 sheep (Zhao et al., 2017), and recent work on Xinjiang sheep has provided important 

69 insights into environmental adaptation, gene flow, and selection signatures using 

70 mitochondrial, single-nucleotide polymorphism (SNP) array, genome-environment 

71 association analyses, and whole-genome data (Zhang et al., 2023a; Li et al., 2024). 

72 Nevertheless, further analyses based on larger whole-genome datasets, broader breed 

73 representation, more detailed trait-focused comparisons, and integration of functional 

74 genomic evidence are needed to refine our understanding of the genetic structure, 

75 evolutionary history, and genetic basis of economically important traits in Xinjiang 

76 indigenous sheep.

77 Beyond the population structure and genetic diversity described above, the indigenous 

78 sheep breeds of Xinjiang also exhibit remarkable adaptive and phenotypic diversity, 

79 making them valuable materials for investigating the genetic basis of economically 

80 important traits in sheep (Yao et al., 2022; Zhang et al., 2023a; Zhang et al., 2023b; Li 

81 et al., 2024). For example, Duolang sheep are characterized by year-round estrus, early 

82 puberty, and relatively high reproductive efficiency, whereas Kazakh sheep display a 

83 typical fat-rumped phenotype (Zhu et al., 2016; Zhu et al., 2025; Bi et al., 2025). Across 

84 ecological settings ranging from deserts and alpine regions to oasis-grassland ecotones, 

85 Xinjiang indigenous sheep exhibit marked divergence in reproductive rhythm, 

86 including both perennial-estrous and seasonal-estrous breeds; however, the genetic 

87 basis underlying this divergence remains to be further elucidated (Zhang et al., 2023a; 

  



88 Zhu et al., 2023; Bi et al., 2025). In addition, Xinjiang sheep show substantial variation 

89 in tail morphology and coat color (Zhu et al., 2016; Han et al., 2019; Yao et al., 2019). 

90 In particular, although previous studies have linked the short-tail phenotype in fat-

91 rumped sheep to TBXT-related variation, the population origin and evolutionary history 

92 of fat-tail and fat-rump traits have not yet been fully resolved. 

93 Therefore, we performed whole-genome resequencing and population-genetic analyses 

94 of 1 363 individuals representing 14 indigenous Xinjiang sheep populations, generating 

95 a high-quality variant map with substantially expanded sample size and breed coverage. 

96 Using this dataset, we characterized genetic diversity, population structure, maternal 

97 and paternal lineages, and demographic history in Xinjiang indigenous sheep. We 

98 further conducted trait-focused genome-wide selection scans for reproductive rhythm, 

99 coat color, and tail morphology, and integrated haplotype patterns, protein-level 

100 predictions, Sheep genotype-tissue expression (GTEx) and eQTL evidence, and allele-

101 frequency trajectory inference using Relate/CLUES to prioritize candidate genes and 

102 putative functional variants associated with phenotypic variation. Together, these 

103 analyses extend previous work by providing a broader and more functionally informed 

104 genomic framework for conserving Xinjiang sheep genetic resources and enabling 

105 molecular breeding.

106

107 MATERIALS AND METHODS

108 Ethics declarations

  



109 All animal related experimental procedures adhered to the Regulations on the 

110 Management of Laboratory Animals in China and were sanctioned by the Animal 

111 Health and Ethics Committee of the Institute of Animal Science, Xinjiang Academy of 

112 Animal Husbandry Sciences (Approval No.202304).

113 Sample collection, DNA extraction, and sequencing

114 A total of 1 363 sheep whole-genome samples representing 14 indigenous Xinjiang 

115 sheep populations were included in this study. The newly sequenced cohort comprised 

116 1 100 individuals from 13 indigenous sheep breeds in Xinjiang, China, including 

117 Kazakh sheep (HSK, n=58), Altay sheep (ALTs, n=59), Bashbay sheep (BSB, n=60), 

118 Kirghiz sheep (KEKZ, n=65), Tashkurgan sheep (TSG, n=60), Duolang sheep (DL, 

119 n=25), Baerchuke sheep (BECK, n=60), Bayinbuluke sheep (BYK, n=135), Yecheng 

120 sheep (YC, n=100), Lop sheep (LB, n=22), Cele Black sheep (CLH, n=170), Turfan 

121 Black sheep (TLFH, n=90), and Karakul sheep (KLKE, n=196). All newly sequenced 

122 samples were collected from privately owned farms across Xinjiang. No mortality or 

123 adverse health effects were observed during or after sampling, and all animals remained 

124 in good health throughout the study period. In addition, 263 publicly available whole-

125 genome sequencing datasets were incorporated, including 197 Hetian sheep (HT; 

126 CNP0007875), 16 Lop sheep (LB; PRJNA645671 and PRJCA001227), and 50 

127 Duolang sheep (DL; PRJNA1177205). Detailed sample information is provided in 

128 Supplementary Table S1.

129 Approximately 5 mL of whole blood was collected from the jugular vein of each sheep 

130 into vacuum tubes containing K2EDTA as an anticoagulant. Genomic DNA was 

  



131 extracted from blood samples using a commercial blood DNA extraction kit (Tengen 

132 Bio, Beijing, China) according to the manufacturer’s instructions, and DNA integrity 

133 was assessed by 1% agarose gel electrophoresis. DNA purity and concentration were 

134 measured with a NanoDrop 2 000 spectrophotometer (Thermo Fisher Scientific, USA). 

135 Genomic DNA was sheared to approximately 150 bp using a Bioruptor Pico ultrasonic 

136 sonicator. Sequencing libraries were prepared following the manufacturer’s protocol 

137 (MGI, China) and were subsequently sequenced on a DNBSEQ-T7 platform for whole-

138 genome resequencing.

139 Sequence processing, read mapping and variant calling

140 FASTQ files for publicly available datasets were generated from raw sequencing data 

141 using sequence read archive (SRA) Toolkit (v.2.9.2) (Kodama et al., 2012). To 

142 minimize potential batch effects and coverage-related differences between newly 

143 generated and publicly available datasets, all samples were processed using the same 

144 bioinformatics workflow. Publicly available raw sequencing data were converted to 

145 FASTQ format and analyzed together with the newly generated data. To ensure data 

146 quality for downstream analyses, raw reads were quality-filtered using fastp (v.0.19.4) 

147 (Chen et al., 2018). After adapter trimming and removal of low-quality bases, clean 

148 reads were aligned to the sheep reference genome (ARS-UI_Ramb_v2.0) using BWA-

149 MEM (v.0.7.17) with default parameters (Vasimuddin et al., 2019).The Samtools (v.1.2) 

150 (Li et al., 2009) was used for format conversion, sorting, indexing, and basic alignment 

151 processing. Polymerase chain reaction (PCR) duplicates were marked and removed 

  



152 using Picard (v.2.18.17). Variants were called to generate a raw variant set, followed 

153 by stringent filtering to obtain high-confidence genotype data.

154 Initial SNP calling was performed with GATK HaplotypeCaller (v.4.6.1) under default 

155 parameters (McKenna et al., 2010). The merged raw variant set was filtered using 

156 GATK VariantFiltration with the following thresholds: QUAL<30.0, QD<2.0, FS>60.0, 

157 MQ<40.0, SOR>3.0, MQRankSum<−12.5, and ReadPosRankSum<−8.0. To reduce 

158 the influence of sequencing-depth differences among samples, we further applied 

159 individual-level depth-based genotype masking using a custom Python script, 

160 mask_gt_by_depth_gz.py. For each individual, genotypes with a site depth lower than 

161 one-third of the individual mean depth or higher than three times the individual mean 

162 depth were masked as missing. SNPs with minor allele frequency (MAF)<0.01 and 

163 missing rate>0.2 were removed using VCFtools (v.0.1.13) (Danecek et al., 2011). All 

164 retained SNPs were annotated with ANNOVAR (Wang et al., 2010) against the sheep 

165 reference genome and classified by genomic context into exonic (synonymous and 

166 nonsynonymous), intronic, and upstream/downstream categories. High-quality SNPs 

167 were phased using Beagle (beagle.06Aug24.a91.jar) (Browning et al., 2018).

168 Population structural analysis

169 To balance sample sizes across groups, we randomly selected 50 individuals per breed 

170 (except Lop sheep) (Puechmaille, 2016; Lawson et al., 2018). Prior to PCA and 

171 ADMIXTURE analyses, linkage disequilibrium (LD) pruning was performed using 

172 PLINK (v.1.90b7) to reduce marker redundancy and minimize the influence of highly 

173 correlated dense markers on population structure inference (Purcell et al., 2007). 

  



174 Specifically, SNPs were pruned using a sliding window of 50 SNPs, a step size of 10 

175 SNPs, and an r² threshold of 0.05 (--indep-pairwise 50 10 0.05). This relatively stringent 

176 threshold was used to retain approximately independent markers and reduce potential 

177 artificial clustering caused by local LD, long haplotypes, or ROH-enriched regions, 

178 particularly in breeds with elevated inbreeding. Principal component analysis (PCA) 

179 was performed using EIGENSOFT (v.6.1.4) with default parameters to assess genetic 

180 structure and variation among breeds and to visualise genetic relationships among 

181 individuals (Patterson et al., 2006). Phylogenetic relationships were inferred using the 

182 neighbor-joining method (Saitou & Nei, 1987), and the resulting trees were visualized 

183 in interactive tree of life (iTOL) (Letunic & Bork, 2024). Population structure was 

184 inferred with ADMIXTURE (v.1.3.0) to estimate individual ancestry proportions 

185 across breeds (Dominguez Mantes et al., 2023). We evaluated K values from 2 to 9, 

186 performed 10 independent runs per K, and selected the K with the lowest cross-

187 validation (CV) error as the optimal number of ancestral clusters.

188 Population diversity analysis

189 Linkage disequilibrium decay was estimated using PopLDdecay (v.3.43) with default 

190 parameters (Zhang et al., 2019). Genome-wide nucleotide diversity (π) was estimated 

191 for each breed in sliding windows using VCFtools (v.0.1.13) based on the filtered high-

192 quality SNP dataset. For the supplementary comparison, the same pipeline and filtering 

193 criteria were applied to the additional Chinese indigenous breeds, Chinese Merino 

194 sheep, and the Iranian indigenous sheep breed. To assess genetic diversity across breeds, 

195 we estimated observed and expected heterozygosity (Ho and He) from the filtered high-

  



196 quality SNP dataset using VCFtools (v.0.1.13). Runs of homozygosity (ROHs) were 

197 identified in individual genomes using the --homozyg module in PLINK (v.1.90b7). 

198 ROHs were called using a sliding window of 50 SNPs (--homozyg-window-snp 50), a 

199 minimum ROH length of 1 000 kb (--homozyg-kb 1 000), a minimum SNP density of 

200 one SNP per 50-kb (--homozyg-density 50), and a maximum gap of 1 000 kb between 

201 adjacent SNPs (--homozyg-gap 1 000). Within each window, up to 3 heterozygous sites 

202 (--homozyg-window-het 3) and 5 missing genotypes (--homozyg-window-missing 5) 

203 were allowed, and at least 95% of markers were required to meet homozygosity criteria 

204 (--homozyg-window-threshold 0.05). Parameter settings followed established protocols 

205 from previous studies (Zhannur et al., 2025). Subsequently, the ROH-based genomic 

206 inbreeding coefficient (FROH) was calculated as the total length of ROHs per individual 

207 divided by the total length of the analysed autosomes. Breed-specific FROH distributions 

208 were visualised using ggplot2 in R (v.4.4.1). Violin plots overlaid with boxplots were 

209 used to summarise the distribution of FROH among individuals within each breed. Breeds 

210 were ordered from highest to lowest according to the median FROH. 

211 To assess maternal and paternal lineages, mitochondrial FASTA sequences were 

212 generated from BAM files using Analysis of Next Generation Sequencing Data 

213 (ANGSD) (Korneliussen et al., 2014) and aligned with MUSCLE, followed by 

214 maximum-likelihood phylogenetic reconstruction using IQ-TREE for mitochondrial 

215 haplogroup assignment (Trifinopoulos et al., 2016). For Y-chromosome analysis, a 

216 high-quality sheep Y-chromosome genome sequence was used as the reference, and Y-

  



217 chromosome-specific diagnostic variants were selected to assign paternal haplotypes 

218 (Meadows et al., 2006; Deng et al., 2020).

219 Population history analysis

220 For Multiple Sequentially Markovian Coalescent 2 (MSMC2)-based inference, HT was 

221 excluded due to insufficient sequencing depth, and LB was excluded because too few 

222 individuals met the coverage criteria. From each of the remaining 12 indigenous 

223 Xinjiang sheep breeds, including HSK, ALTs, BSB, KEKZ, TSG, DL, BECK, BYK, 

224 YC, CLH, TLFH, and KLKE, we selected the two individuals with the highest 

225 sequencing depth. This strategy was used to maximize genotype reliability for MSMC2 

226 inference while maintaining the same number of individuals across breeds. The 

227 sequencing depth information for the selected individuals is provided in the sample 

228 information Supplementary Table S2. Genome-wide mappability masks were generated 

229 using makeMappabilityMask.py (Wang et al., 2020) under the SNPable framework. 

230 Divergence times between breeds were inferred using MSMC2 (v.2.1.2) by estimating 

231 relative cross-coalescence rates for each breed pair (Schiffels & Durbin, 2014). Time 

232 segments were specified as 1×2+25×1+1×2. Historical effective population sizes were 

233 inferred using the estimate module in SMC++ (v.1.15.3), applying the same 

234 mappability mask as in MSMC2 to exclude low-confidence regions (Terhorst et al., 

235 2017). We assumed a mutation rate (μ) of 1.51×10⁻⁸ per site per generation (Li et al., 

236 2020) and a generation time (g) of 3 years ( De Magalhães & Costa, 2009). These 

237 parameter values were used for all downstream demographic inferences. Demographic 

  



238 trajectories were inferred over 1–40 000 generations using default knot settings, with 

239 effective population size modeled using a cubic spline.

240 Detection of selective signals associated with key phenotypic traits

241 To identify genomic regions under selection associated with key phenotypic 

242 differentiation in Xinjiang indigenous sheep, we applied three SNP-based statistics: 

243 nucleotide diversity ratio (θπ ratio), fixation index (FST) (Weir & Cockerham, 1984), 

244 and cross-population extended haplotype homozygosity (XP-EHH) (Sabeti et al., 2007). 

245 To reduce potential bias caused by unequal sample sizes among breeds, trait-focused 

246 selection-signal analyses were performed using balanced sample sets. Specifically, 50 

247 individuals were randomly selected from each breed whenever possible; for breeds with 

248 fewer than 50 available individuals, all available individuals were retained. This 

249 balanced dataset was used for calculating FST, θπ ratio, and XP-EHH in phenotype-

250 based comparisons. All statistics were computed using 50-kb sliding windows with a 

251 25-kb step size. For each selection statistic, candidate windows were defined as those 

252 falling within the top 1% of the corresponding genome-wide empirical distribution. 

253 Overlapping windows that exceeded the corresponding top 1% cutoff in at least two of 

254 the three statistics were designated as strong candidate regions for downstream analyses.

255 To account for multiple testing across the large number of sliding windows evaluated 

256 genome-wide, empirical significance of FST-based candidate windows was further 

257 assessed using 1 000 genome-wide permutations. For each FST window, a genome-wide 

258 empirical adjusted P value was calculated and reported as genome_wide_emp_padj. 

259 Candidate FST windows with genome_wide_emp_padj<0.05 were considered 

  



260 statistically significant after genome-wide empirical correction. In contrast, genotype 

261 frequencies of candidate variants were calculated using all available individuals and are 

262 presented as within-breed or within-phenotype-group proportions rather than raw 

263 genotype counts.

264 To explore potential regulatory consequences of candidate genes, we quantified their 

265 expression profiles across tissues using the sheep GTEx resource (Gong et al., 2025). 

266 Empirical P-values were obtained using permutations tests and adjusted for multiple 

267 testing using the false discovery rate (FDR) method. eGenes were defined as genes with 

268 an FDR<0.05, as implemented in eGene_detection.R. For the TSHR gene, we defined 

269 the lead cis-eQTL as the variant with the lowest nominal P value. We then calculated 

270 LD between the lead eQTL variant and nearby variants to characterize local haplotype 

271 structure. Finally, genotype-dependent effects were visualised by comparing gene 

272 expression across genotype classes at the lead eQTL. 

273 Estimation of derived allele frequency trajectories

274 To infer temporal changes in derived allele frequencies, we first used KING (v.2.3.1) 

275 to identify and remove individuals related within the third degree (Manichaikul et al., 

276 2010). We retained only breeds containing more than 40 unrelated individuals after 

277 filtering and with high mean sequencing depth. Consequently, HT were excluded 

278 because of insufficient sequencing depth. The final dataset comprised six breeds: BSB 

279 (n=60), CLH (n=132), DL (n=45), KLKE (n=46), BECK (n=53), and BYK (n =121). 

280 To assign ancestral and derived states, we used MafFilter (v.1.3.1) to process multi-

281 species sequence alignments among sheep, cattle, goat, and takin (Dutheil et al., 2014). 

  



282 We then used est-sfs (v.2.04) to estimate, under a probabilistic framework, the posterior 

283 probability that the major allele represents the ancestral state, thereby accounting for 

284 uncertainty in ancestral allele inference (Keightley & Jackson, 2018). We reconstructed 

285 ancestral recombination graphs (ARGs) for each breed using Relate (v.1.2.1), assuming 

286 a generation time of g=3 years and a mutation rate of μ=1.51×10⁻⁸ per site per 

287 generation (Li et al., 2020), with recombination rates specified according to a physical 

288 map (Speidel et al., 2019). Finally, to characterize genealogical histories of candidate 

289 SNPs, we applied CLUES, which leverages local tree topologies inferred by Relate to 

290 model allele-frequency trajectories through time under a selection framework (Stern et 

291 al., 2019).

292 Bioinformatics analysis of mutant loci

293 Protein molecular weight, theoretical isoelectric point (pI), instability index, and 

294 hydrophilicity were computed using ExPASy ProtParam and ProtScale. Three-

295 dimensional (3D) structures of the sheep TBXT and KIT missense variants were 

296 predicted using the I-TASSER server (Iterative Threading ASSEmbly Refinement), and 

297 structural models were visualised in PyMOL.

298 Functional enrichment analysis

299 Candidate genes identified from selection scans were subjected to Gene Ontology (GO) 

300 and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis 

301 using the KOBAS platform (Bu et al., 2021), and results were summarized and 

302 visualized with the R package clusterProfiler. Enrichment terms with adjusted P 

303 values<0.05 were considered statistically significant.

  



304

305 RESULTS

306 Genetic variation and annotation of SNPs

307 We generated 1 100 newly sequenced whole genomes from 13 indigenous Xinjiang 

308 sheep breeds, comprising TLFH (n=90), DL (n=25), TSG (n=60), BYK (n=135), ALTs 

309 (n=59), HSK (n=58), BSB (n=60), KEKZ (n=65), LB (n=22), BECK (n=60), YC 

310 (n=100), CLH (n = 170), and KLKE (n = 196) (Figure 1). In addition, we incorporated 

311 263 publicly available genomes DL (n = 50), HT (n=197), LB (n=16), yielding a dataset 

312 of 1 363 samples for read alignment, variant calling, and variant level quality control 

313 (Supplementary Table S1). In total, the final dataset comprised 1 363 whole-genome 

314 samples from 14 indigenous Xinjiang sheep populations, including 1 100 newly 

315 sequenced individuals from 13 breeds and 263 publicly available genomes. The public 

316 samples consisted of 197 HT, 16 LB, and 50 DL. Newly sequenced and public samples 

317 are distinguished in Figure 1B. On average, 28.35 Gb of sequence data were generated 

318 per individual, yielding a population-wide mean sequencing depth of 8.36× (range: 

319 4.52×–18.87×). Quality-controlled reads were aligned to the reference genome (ARS-

320 UI_Ramb_v2.0) with a mean mapping rate of 99.89% (Supplementary Table S3). After 

321 quality filtering, 35 103 309 high-confidence SNPs were retained across all samples. 

322 Of these SNPs, 82.03% were supported by records in the most recent National Center 

323 for Biotechnology Information (NCBI) sheep SNP database (last accessed: November 

324 6, 2025). We identified 6 307 960 novel SNPs, with the largest number detected in the 

325 HSK breed (5 817 968 novel SNPs), thereby substantially expanding the catalog of 

  



326 genomic variation in sheep. These findings indicate that the HSK population harbors a 

327 considerable number of previously unreported SNPs, a substantial proportion of which 

328 are shared across different breeds (Supplementary Table S3). Functional annotation 

329 indicated that 59.31% of SNPs were intergenic, whereas 40.69% mapped to genic 

330 regions, including exons, introns, and untranslated regions (UTRs) (Supplementary 

331 Table S4). Within genic regions, introns contained the largest share of SNPs (12 417 

332 208; 35.37%). In total, 239 516 SNPs (0.68%) fell within exons, including 133 065 

333 synonymous variants (0.30%) and 94 651 missense variants (0.27%).

334 Population structure and genetic diversity of indigenous sheep in Xinjiang

335 To assess genetic relationships among 14 indigenous sheep populations in Xinjiang, we 

336 performed population structure analyses (Figure 2). A neighbor-joining (NJ) 

337 phylogenetic tree was constructed using Asiatic Mouflon (AMF) as an outgroup. The 

338 NJ tree showed that most breeds clustered into largely distinct clades. Specifically, 

339 ALTs, BSB, HSK, and BYK from northern Xinjiang grouped into one major clade, 

340 whereas YC, TSG, KEKZ, and DL from southern Xinjiang grouped into another. This 

341 pattern is broadly consistent with geographic distribution and suggests pronounced 

342 geographic structuring. Nevertheless, some breeds did not strictly follow a geographic 

343 clustering pattern; for instance, TLFH clustered closer to several southern Xinjiang 

344 breeds, indicating possible historical gene flow or shared ancestral components. 

345 Principal component analysis broadly partitioned the 14 breeds into three clusters: CLH, 

346 KLKE, and the remaining Xinjiang breeds (Figure 2B, C). ADMIXTURE cross-

347 validation errors across different K values are shown in Supplementary Figure S1. In 

  



348 combination with the PCA and phylogenetic results, we focused on K=3 and K=5 as 

349 representative and biologically interpretable levels of population structure. At K=3, 

350 ADMIXTURE analysis produced a clustering pattern largely concordant with the PCA 

351 results (Figure 2D). At K=5, DL, TSG, and KEKZ separated from CLH and KLKE, 

352 revealing additional substructure among Xinjiang sheep breeds. Results for additional 

353 K values are provided in Supplementary Figure S2. Although the NJ tree, PCA, 

354 ADMIXTURE, and demographic analyses revealed clear population-genetic structure 

355 among Xinjiang sheep breeds, these broad genetic or geographic groupings do not 

356 necessarily correspond to ecological categories. Therefore, we did not use the northern 

357 Xinjiang, southern Xinjiang, or early-diverging lineages as ecological groups for 

358 interpreting local adaptation. Instead, each breed was further annotated according to its 

359 main ecological and landscape background.

360 Specifically, ALTs, BSB, and HSK were mainly associated with mountain steppe, 

361 temperate grassland, and northern Xinjiang pastoral environments; BYK was 

362 associated with high-altitude grassland and alpine meadow environments in central 

363 Xinjiang; BECK, DL, LB, YC, and TLFH were mainly associated with desert-oasis 

364 systems, basin environments, semi-desert rangelands, and oasis-pastoral systems; 

365 KEKZ, TSG, and KLKE were associated with plateau, piedmont, mountain-pasture, 

366 and high-altitude environments in southwestern Xinjiang; and CLH was associated with 

367 riparian grassland and oasis-pastoral environments. These breed-level ecological 

368 annotations were added to Supplementary Table S5 and were used to provide 

369 environmental context for interpreting candidate signals of local adaptation.

  



370 To evaluate genetic diversity across 14 Xinjiang indigenous sheep populations, we 

371 quantified linkage disequilibrium (LD), nucleotide diversity, and ROH (Figure 3). The 

372 LD analyses revealed breed-specific decay patterns: BECK showed the fastest decay, 

373 whereas KLKE exhibited the slowest decay, followed by LB. LD decay curves 

374 approached a plateau within approximately 100 kb across all breeds (Figure 3A). 

375 Nucleotide-diversity estimates were broadly comparable among the 14 Xinjiang sheep 

376 breeds, with BYK showing the highest π and LB the lowest. Across breeds, π values 

377 fell within a narrow range of 2.79×10⁻³ to 3.01×10⁻³ (Figure 3B; Supplementary Table 

378 S4). To place the genetic diversity of Xinjiang sheep in a broader context, we further 

379 compared genome-wide nucleotide diversity with other Chinese indigenous breeds, an 

380 improved Merino-derived breed, and an international local breed, including Hu sheep, 

381 Tibetan sheep, Tan sheep, Ujimqin sheep, Yunnan sheep, Chinese Merino sheep, and 

382 an Iranian indigenous sheep breed (Supplementary Figure S3). The expanded 

383 comparison showed that Xinjiang sheep exhibited moderate to relatively high 

384 nucleotide diversity, with π values largely comparable to those observed in other 

385 Chinese indigenous and international reference breeds. Observed heterozygosity (Ho) 

386 ranged from 0.21 to 0.27, whereas expected heterozygosity (He) ranged from 0.25 to 

387 0.28 (Supplementary Table S6). KLKE and LB exhibited slightly higher Ho relative to 

388 He, whereas BECK showed a modest deficit. Mean Hardy-Weinberg equilibrium 

389 (HWE) P values across breeds ranged from 0.35 to 0.47. ROH and FROH metrics 

390 consistently indicated the highest autozygosity in CLH and KLKE, followed by DL, 

  



391 whereas ALTs, BECK, and several other breeds showed the lowest levels (Figure 3C, 

392 D).

393 To complement the nuclear genome-based population structure analyses, we further 

394 investigated the maternal and paternal lineages of Xinjiang sheep using mitochondrial 

395 DNA and Y-chromosome markers. For the maternal lineage analysis, based on 

396 previously defined sheep mitochondrial haplogroups, most Xinjiang sheep individuals 

397 were assigned to haplogroups A and B, indicating that these two haplogroups represent 

398 the predominant maternal lineages in Xinjiang sheep. In addition, four individuals were 

399 assigned to haplogroup C, and one individual carried the rare haplogroup D 

400 (Supplementary Figure S4). For the paternal lineage analysis, we used a high-quality 

401 sheep Y-chromosome genome sequence as the reference and selected Y-chromosome-

402 specific diagnostic variants for paternal haplotype assignment. Two paternal haplotypes, 

403 HY1b and HY2, were identified in Xinjiang sheep, with HY1b being the predominant 

404 paternal haplotype. Together, these results indicate that Xinjiang sheep possess diverse 

405 maternal lineages dominated by haplogroups A and B, whereas their paternal lineages 

406 are mainly represented by the common domestic sheep haplotype HY1b.

407 Demographic history of local sheep populations in Xinjiang

408 To investigate the demographic basis of population genetic structure, we used MSMC2 

409 to infer historical effective population size (Ne) trajectories for Xinjiang indigenous 

410 sheep breeds. The inferred Ne trajectories were broadly similar among breeds until 

411 approximately 3 000 years ago (Figure 4A, C, E). Beginning at approximately 100 000 

412 years ago, the populations underwent a pronounced bottleneck, with Ne declining to 

  



413 approximately 3 000 years ago. Subsequently, breed-specific differences in Ne became 

414 evident. Estimates of population divergence indicated that breed separations in Xinjiang 

415 occurred approximately 1 000–3 000 years ago. Notably, divergence among Xinjiang 

416 breeds appeared to proceed in two phases: an earlier split at approximately 2 000 years 

417 ago involving CLH and KLKE, followed by a later split at approximately 1 000 years 

418 ago involving BSB, BYK, HSK, KEKZ, LB, TLFH, and YC (Figure 4B, D, F). We 

419 further inferred Ne trajectories using SMC++ with the larger sample set. Ne estimates 

420 from SMC++ recapitulated the overall trends observed with MSMC2 (Supplementary 

421 Figure S5). For most breeds, Ne reached a minimum at approximately 3 000 years ago. 

422 After this point, Ne trajectories diverged among breeds.

423 Identification of key genes associated with year-round Estrus 

424 Xinjiang indigenous sheep exhibit marked variation in reproductive seasonality, 

425 including both year-round and seasonally estrous breeding types. To obtain a genome-

426 wide view of genetic differentiation associated with estrus-pattern variation, we 

427 contrasted breeds exhibiting year-round estrus (CLH, HT, and DL) with breeds showing 

428 seasonal estrus (BSB, HSK, and ALTs). Across shared outlier windows between the 

429 two groups, functional enrichment analyses highlighted reproduction and endocrine-

430 related processes (e.g., ovarian follicle development, hormonal responses, and mating 

431 behavior) and pathways linked to thyroid hormone signaling, estrogen signaling, 

432 neuroactive ligand-receptor interaction, cAMP signaling, and energy-sensing modules 

433 (PI3K-Akt, AMPK, and mTOR), collectively consistent with endocrine and energy-

434 metabolic regulation of reproductive timing (Supplementary Tables S7–S12). Guided 

  



435 by this genome-wide differentiation, we identified a highly concordant selection 

436 signature centered on TSHR and its flanking region on chromosome 7 (FST=0.43, θπ 

437 ratio=−1.51, XP-EHH=−9.28) (Figure 5A), nominating TSHR as a primary candidate 

438 locus associated with estrus-pattern divergence. This prioritization is biologically well 

439 justified, as accumulating evidence indicates that the photoperiodic neuroendocrine 

440 pathway governing seasonal breeding is predominantly mediated by the pars tuberalis-

441 hypothalamus axis, in which TSHR signaling functions upstream of local thyroid-

442 hormone activation via DIO2, thereby transducing day-length cues into reproductive 

443 activation or suppression (Zhou et al., 2026). Consistent with a role in distinguishing 

444 breeding types, haplotype heatmaps showed marked differentiation between year-round 

445 and seasonal-estrus groups (Figure 5B), and the focal variant at chr7:90612698 

446 displayed striking allele-frequency contrast: the reference allele was enriched in the 

447 seasonal-estrus group, whereas the derived allele predominated in the year-round estrus 

448 group (Figure 5C). To further connect the candidate locus to its primary physiological 

449 context, we integrated multi-tissue sheep transcriptomic resources and observed that 

450 TSHR shows its highest expression in the thyroid gland (Figure 5D), consistent with its 

451 canonical endocrine role, and supporting tissue-relevant interpretation of regulatory 

452 variation at this locus (Gong et al., 2025). Having established TSHR as the top locus by 

453 both statistical and biological prioritization, we next evaluated whether chr7:90612698 

454 represents a candidate regulatory variant. In the thyroid tissue where TSHR expression 

455 peaks we detected the strongest cis-eQTL signal for TSHR at this region, with additional 

456 nearby loci showing correlated association patterns (Figure 5E), a pattern consistent 

  



457 with a regulatory haplotype affecting gene expression. Notably, in the sheep multi-

458 tissue regulatory dataset, the derived allele at chr7:90612698 was associated with 

459 reduced TSHR expression in the relevant tissue (Figure 5F), providing evidence for a 

460 putative regulatory association between genotype and transcript abundance that is 

461 consistent with the observed differentiation between estrus types (Gong et al., 2025). 

462 Finally, trajectory inference suggested that the derived TSHR allele (g.90612698 T>G) 

463 in CLH increased rapidly approximately 2 050 years ago (Supplementary Figure S6A).

464 A selective sweep identifies a candidate locus for coat color variation

465 To investigate the genetic basis of coat color in sheep, we compared selection signals 

466 between dark-coated breeds (CLH, KLKE, TSG, and TLFH) and light-coated breeds 

467 (BYK, BECK, HT, YC, and LB). We detected strong selection signals across multiple 

468 genomic regions (Figure 6A), with the KIT locus on chromosome 6 showing 

469 pronounced peaks across all three statistics (FST=0.55, θπ ratio=−0.29, XP-EHH=4.42). 

470 In total, we identified 424 shared sliding-window regions and annotated 610 candidate 

471 genes associated with coat-colour variation (Supplementary Tables S13–S18). GO 

472 enrichment analysis indicated that these signals were primarily associated with 

473 melanocyte migration, differentiation, and melanin biosynthesis (Figure 6B). 

474 Haplotype heatmaps revealed marked differentiation across the KIT region between 

475 dark- and light-coated groups (Figure 6C). Notably, a missense variant in KIT, c.1 904 

476 G>A (p.R636Q; chr6:70935444), reached its highest allele frequency in CLH, whereas 

477 it was absent in BECK and LB (Figure 6D). Cross-species sequence alignment showed 

478 that arginine at position 636 is highly conserved across mammals (e.g., cattle, goats, 

  



479 and humans), whereas the R636Q substitution was observed in Xinjiang sheep (Figure 

480 6E). Structural modelling placed this residue within a helical segment on the receptor 

481 surface; the substitution replaces positively charged arginine with neutral glutamine, 

482 suggesting that it may affect local protein conformation (Figure 6F, G). ProtParam 

483 predictions indicated that KIT c.1904 G>A does not alter protein length but slightly 

484 decreases molecular weight, lowers the theoretical isoelectric point, increases the 

485 instability index, and leaves overall hydrophilicity largely unchanged (Supplementary 

486 Table S18). Trajectory inference suggested a rapid rise in the derived KIT allele 

487 (g.70935444 G>A) in CLH approximately 480 years ago, with a comparable increase 

488 in KLKE approximately 360 years ago (Supplementary Figure S6B).

489 Genome-wide selection landscape identify candidate sites for tail differentiation

490 To investigate genetic differentiation associated with tail morphology in Xinjiang sheep, 

491 we compared selection signals between fat-rumped breeds (BSB, HSK, and BYK) and 

492 short fat-tailed breeds (YC, CLH, and HT). Genome-wide scans detected strong 

493 selection signals across multiple genomic regions. Notably, the TBXT locus on 

494 chromosome 8 showed pronounced peaks across all three statistics (FST =0.17, θπ 

495 ratio=1.22, XP-EHH=6.33), and additional signals were detected near BMP2, 

496 LOC101117953, and VEGFA (Figure 7A). Genotype-frequency analyses indicated that 

497 the AA genotype at TBXT g.88882077 C>A was nearly fixed in BSB, HSK, and BYK, 

498 whereas the CC genotype predominated in YC, CLH, and HT (Figure 7C). Haplotype 

499 analyses suggested that these six Xinjiang sheep breeds are dominated by two major 

500 ancestral haplotypes (Figure 7B, D). Cross-species protein sequence alignment showed 

  



501 that residue 112 of TBXT is highly conserved as glycine (G) across mammals (goat, 

502 cattle, horse, dog, chimpanzee, human, and mouse). In contrast, Xinjiang fat-rumped 

503 sheep carry a tryptophan (W) at this site (p.G112W) (Figure 7E). ProtParam predictions 

504 indicated that TBXT g.88882077 C>A does not alter protein length or the theoretical 

505 isoelectric point. This substitution was predicted to slightly increase molecular weight, 

506 modestly decrease the instability index, and reduce overall hydrophobicity, with only 

507 minor effects predicted on the overall physicochemical properties (Figure 7F, G; 

508 Supplementary Table S18). In total, we identified 502 shared sliding-window regions 

509 and annotated 671 candidate genes associated with tail phenotypes (Supplementary 

510 Tables S19–S24). GO and KEGG analyses indicated enrichment of terms and pathways 

511 related to adipose development and lipid metabolism (Supplementary Tables S19–S24). 

512 In addition, trajectory inference suggested that the derived allele at TBXT g.88882077 

513 C>A rose rapidly in DL and BSB approximately 1 800 years ago (Supplementary 

514 Figure S6C), indicating a recent increase in the frequency of this candidate allele rather 

515 than a direct estimate of the origin time of the fat-rumped phenotype.

516

517 DISCUSSION

518 Elucidating the genetic basis of phenotypic variation remains a central objective in 

519 modern genetics (Christians & Keightley, 2002; Kitano et al., 2022). Mapping genomic 

520 regions associated with economically important traits facilitates the prioritization of 

521 candidate genes and potential biological mechanisms in livestock, and provides insight 

522 into genomic regions associated with economically important traits and offers candidate 

  



523 markers for further investigation (Saravanan et al., 2020). Here, building on previous 

524 studies of Xinjiang sheep based on environmental association, SNP-array, and whole-

525 genome data (Zhang et al., 2023; Li et al., 2024), we leveraged genome-wide variant 

526 maps from 1 363 individuals representing 14 indigenous Xinjiang sheep populations to 

527 characterize genetic variation, population structure, genetic diversity, uniparental 

528 lineages, and demographic history. The expanded sample size and breed coverage 

529 allowed us to refine the population-genomic landscape of Xinjiang sheep. We further 

530 integrated trait-focused selection scans with haplotype analysis, Sheep GTEx 

531 expression and eQTL evidence, protein-level predictions, and Relate/CLUES-based 

532 allele-frequency trajectory inference to prioritize candidate markers and genes 

533 associated with coat color, reproductive traits, and tail morphotypes.

534 Nucleotide diversity predominantly ranged from 2.79×10⁻³ to 3.01×10⁻³, consistent 

535 with previous genome-wide studies (Chen et al., 2021; Li et al., 2022). For most breeds, 

536 observed heterozygosity (Ho) was lower than expected heterozygosity (He), and overall 

537 Ho was markedly lower than that reported for many overseas sheep populations 

538 (Deniskova et al., 2019). CLH showed a concordant pattern of reduced π, ROH 

539 accumulation, and elevated LD, consistent with a history of increased inbreeding and 

540 intensified artificial selection. Because Xinjiang sheep inhabit highly heterogeneous 

541 landscapes, including mountain steppe, alpine meadow, desert-oasis systems, basin 

542 environments, semi-desert rangelands, piedmont areas, riparian grasslands, and plateau 

543 pastures, we interpreted candidate adaptive signals in relation to breed-specific 

544 ecological backgrounds rather than broad genetic or geographic groups. This revision 

  



545 allows the discussion of local adaptation to better reflect the environmental 

546 heterogeneity experienced by different Xinjiang sheep breeds.

547 The Ne reconstructions from MSMC2 and SMC++ suggest that these demographic 

548 fluctuations temporally overlap with documented periods of intensified human 

549 migration and pastoral transitions in the region, including Bronze Age to Early Iron 

550 Age pastoral expansion in Xinjiang and adjacent Tianshan regions (Jia et al., 2020; Tian 

551 et al., 2021; Kumar et al., 2022), which may have contributed to a marked contraction 

552 of local sheep populations and setting the stage for subsequent differentiation (Zhang 

553 et al., 2017). This “post-bottleneck divergence” pattern is consistent with a reduction in 

554 cross-coalescence rates among major lineages during the last approximately 1 000–3 

555 000 years. Meanwhile, oasis corridors, river-valley passages, and seasonal 

556 transhumance may have sustained limited gene flow at local scales, resulting in variable 

557 levels of admixture and differentiation among breeds. Historically, Silk Road 

558 associated trade networks, settlement movements, and shifts in regional governance 

559 may have altered the magnitude and direction of livestock movement, thereby 

560 accelerating recent breed differentiation and shaping the present-day genetic structure 

561 (Taylor et al., 2018). However, these temporal comparisons should be interpreted 

562 cautiously, as demographic time estimates depend on assumptions regarding mutation 

563 rate, generation time, sequencing depth, and model structure, and should not be treated 

564 as exact dates corresponding to specific archaeological or historical events. It should be 

565 noted that the MSMC2 analysis was based on the two highest-coverage individuals 

566 from each breed, a strategy that was used to improve genotype reliability and ensure 

  



567 comparable analyses across breeds. However, because MSMC2 generally benefits from 

568 high-coverage genomes and larger sample sizes, the limited number of individuals and 

569 the relatively low sequencing depth of some samples may reduce the resolution of very 

570 recent demographic inference. Therefore, the MSMC2 results should be interpreted 

571 mainly as broad comparative demographic trajectories among breeds rather than precise 

572 estimates of recent effective population sizes. The largely consistent patterns inferred 

573 by SMC++ using larger breed-level sample sets provide additional support for the major 

574 demographic trends observed in this study.

575 For reproductive seasonality, potential selective pressures may involve both 

576 environmental cues and human-mediated selection for reproductive performance. 

577 Photoperiod is a major environmental regulator of seasonal reproduction in sheep, and 

578 seasonal variation in temperature, nutritional status, forage availability, and local 

579 management systems may further influence reproductive timing (Rosa & Bryant, 2003; 

580 Shinomiya et al., 2014). At the same time, year-round estrus and high prolificacy are 

581 economically important traits in sheep production and may have been favored by long-

582 term artificial selection in local breeding systems. Therefore, the TSHR-associated 

583 signal identified in this study may reflect both photoperiod-related environmental 

584 adaptation and human selection for reproductive performance (Nakao et al., 2008a; 

585 Shinomiya et al., 2014; Karlsson et al., 2016). Using this phenotype-guided framework, 

586 selection scans identified a candidate variant at chr7:90612698 T>G. This variant was 

587 associated with altered TSHR expression, consistent with a potential cis-regulatory 

588 effect. It provides a testable link between selection signals, molecular consequences, 

  



589 and phenotypic differentiation. Cis-regulatory effects of TSHR have been demonstrated 

590 in birds. Specifically, TSHR variation modulates photoperiodic responsiveness and 

591 influences the timing of seasonal reproductive activation in birds (Nakao et al., 2008b; 

592 Yoshimura, 2013; Karlsson et al., 2016). We therefore hypothesize that TSHR, a key 

593 component of the photoperiod-thyroid axis, may contribute to differences in 

594 reproductive seasonality among Xinjiang indigenous sheep, potentially through 

595 regulatory effects on TSHR expression. Further functional validation will be required 

596 to confirm this hypothesis.

597 Coat color may also have been influenced by both artificial selection and environmental 

598 factors. As a visible breed characteristic and an economically relevant trait related to 

599 wool, skin, and breed identity, coat color may have been shaped by human preferences, 

600 local aesthetic or cultural selection, and breed-standard formation (Reissmann & 

601 Ludwig, 2013; Koseniuk et al., 2018). Meanwhile, pigmentation differences may also 

602 be associated with environmental factors such as solar radiation, heat load, and climatic 

603 adaptation in small ruminants (Reissmann & Ludwig, 2013; Arenas-Báez et al., 2023) . 

604 Therefore, coat-color variation in Xinjiang sheep may reflect the combined effects of 

605 human-mediated selection and potential environmental adaptation rather than a single 

606 selective force. Together, these results suggest that the KIT region is genetically 

607 associated with coat-color variation in Xinjiang sheep and may have been influenced 

608 by selection, although the specific selective forces remain unresolved (Sejian et al., 

609 2018; Arenas-Báez et al., 2023). Notably, the missense variant we identified in KIT 

610 remained at high frequency in CLH, whereas the reference allele tended to be fixed in 

  



611 white-coated breeds. This allele-frequency pattern is consistent with previous reports 

612 in pigs, cattle, horses, and multiple sheep breeds, which collectively support a key role 

613 for KIT in the genetic architecture of white pigmentation (Haase et al., 2007; Henkel et 

614 al., 2019). Structural modelling further supports the hypothesis that the amino-acid 

615 substitution may affect local conformation or stability of the KIT protein. However, 

616 whether this variant alters receptor tyrosine kinase activity, downstream signaling, or 

617 melanocyte development requires further experimental validation. This change may 

618 potentially influence receptor conformation or stability, although its effects on receptor 

619 activity, downstream signaling, and melanocyte biology require further functional 

620 validation.

621 In tail-type stratified comparisons, we identified a prominent selection signal at the 

622 TBXT locus that was consistently supported by multiple statistics (e.g., FST, θπ ratio, 

623 XP-EHH), suggesting directional selection associated with tail-shape divergence. TBXT 

624 encodes the T-box transcription factor Brachyury, a central regulator of notochord 

625 formation and caudal vertebral development. Accordingly, TBXT transcription is most 

626 active during early embryogenesis particularly gastrulation and axial elongation-

627 leading to peak expression at embryonic stages. This developmental profile is consistent 

628 with the multi-tissue expression patterns observed in the sheep GTEx resource. 

629 Moreover, linked variants at this locus have been robustly associated with short-tail and 

630 fat-rumped phenotypes (Han et al., 2019; Yang et al., 2022). Consistent with these 

631 reports, the TBXT c.334 C>A variant occurred at very high frequency in the fat-rumped 

632 group, providing population-genetic evidence that this locus is strongly associated with 

  



633 tail morphology in Xinjiang indigenous sheep. From the perspective of both artificial 

634 and environmental selection, tail fat deposition may have provided important 

635 advantages in pastoral production systems. Fat-tailed sheep can deposit large amounts 

636 of fat in the tail, sometimes accounting for more than 20% of carcass weight, and this 

637 trait may have helped meet early human demand for edible animal fat, thereby being 

638 favored by artificial selection (Xu et al., 2017). At the same time, tail fat can serve as 

639 an important energy reserve that helps sheep cope with cold stress, seasonal feed 

640 shortage, drought, long-distance movement, and harsh or resource-fluctuating 

641 environments (Alves et al., 2013; Mastrangelo et al., 2019). Therefore, the elevated 

642 frequency of the TBXT-associated haplotype should be interpreted as evidence of 

643 genetic association with tail morphology and fat deposition, potentially shaped by both 

644 long-term pastoral selection and environmental pressures, rather than as direct evidence 

645 for a single selective force.

646 Although the candidate loci identified in this study were supported by multiple lines of 

647 evidence, including population differentiation, selection scans, haplotype patterns, 

648 expression profiles, and protein-level predictions, these results do not by themselves 

649 establish causality. Therefore, independent population validation, individual-level 

650 phenotype association analyses, and functional assays will be required to confirm the 

651 biological effects of the candidate variants. In addition, because the expression and 

652 eQTL analyses were based on available Sheep GTEx resources, further studies 

653 involving more tissues, developmental stages, and environmental conditions will help 

654 clarify the regulatory mechanisms underlying these traits.

  



655 Despite these limitations, our findings have potential applications in sheep breeding and 

656 conservation. The candidate loci identified for year-round estrus, coat color, and tail 

657 morphology provide useful marker resources for future molecular breeding and marker-

658 assisted selection after further validation. For example, TSHR-related variants may help 

659 improve our understanding of reproductive seasonality, whereas KIT and TBXT variants 

660 may be useful for selecting coat-color and tail-type traits according to local production 

661 goals. At the same time, the observed breed-specific differences in nucleotide diversity, 

662 LD decay, and ROH indicate that breeding programs should balance trait improvement 

663 with the maintenance of genetic diversity. In particular, breeds showing relatively high 

664 autozygosity should be carefully managed to avoid excessive inbreeding. Therefore, the 

665 genomic resources generated in this study can support both genetic improvement and 

666 the conservation of indigenous sheep genetic resources in Xinjiang.

667

668 CONCLUSION

669 We profiled 1 363 genomes from 14 Xinjiang sheep breeds, building a high-quality 

670 variant catalogue and integrative population-genomic framework. Phylogeny, 

671 population structure, demographic inference, and selection scans revealed non-tree-like 

672 differentiation that may be related to geography, ecology, and human-mediated 

673 connectivity. Phenotype-guided comparisons highlight major loci for key traits: KIT 

674 (coat color), TSHR (breeding seasonality), and TBXT (tail type), alongside endocrine 

675 and energy-metabolic candidates. These insights provide genomic resources for future 

  



676 studies of trait evolution, molecular breeding, and conservation management in 

677 Xinjiang indigenous sheep.
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912 Figure legends

913

914 Figure 1 The geographical distribution and sample size of sheep breeds covered in 

915 this study 

916 A: Geographic distribution of the Xinjiang indigenous sheep breeds (TLFH: Turfan 

917 Black sheep; ALTs: Altay sheep; BSB: Bashbay sheep; HSK: Kazakh sheep; BYK: 

918 Bayinbuluke sheep; KEKZ: Kirghiz sheep; DL: Duolang sheep; TSG: Tashkurgan 

919 sheep; YC: Yecheng sheep; BECK: Baerchuke sheep; HT: Hetian sheep; CLH: Cele 

920 Black sheep; KLKE: Karakul sheep; LB: Lop sheep). The background color of the 

921 sampling map indicates the predicted mean annual precipitation (mm). B: Sample 

922 composition of the 1 363 sheep genomes used in this study. Blue-green bars indicate 

923 newly sequenced samples, and gray bars indicate publicly available samples. The final 

924 dataset included 1 100 newly sequenced individuals from 13 Xinjiang indigenous sheep 

925 breeds and 263 publicly available genomes, including 197 Hetian sheep, 16 Lop sheep, 

926 and 50 Duolang sheep.

  



927

928 Figure 2 Population structure analysis of Xinjiang indigenous sheep 

929 A: Neighbor-joining phylogenetic tree of sheep breeds, with Asiatic mouflon sheep as 

930 the outgroup. B, C: Principal component analysis of Xinjiang local sheep. Each color 

931 represents a breed of sheep. D: Population structure analysis with K=3 and K=5. 

932

933 Figure 3 Diversity analysis of local sheep populations in Xinjiang 

934 A: Linkage disequilibrium (LD) decay with genomic distance among indigenous sheep 

935 populations in Xinjiang, quantified using the squared correlation coefficient (r²). B: 

  



936 Nucleotide diversity (θπ) measured across different sheep breed. C: Total number of 

937 purebred events for the 13 sheep breeds. D: Inbreeding coefficients (FROH) calculated 

938 for different sheep breeds.

939

940 Figure 4 Demographic history of local sheep populations in Xinjiang 

941 A: MSMC2-inferred historical effective population size (Ne) trajectories for ALTs and 

942 other breeds. B: MSMC2-inferred relative cross-coalescence rate between ALTs and 

943 other breeds. C: MSMC2-inferred historical effective population size (Ne) trajectories 

944 for CLH and other breeds. D: MSMC2-inferred relative cross-coalescence rate between 

945 CLH and other breeds. E: MSMC2-inferred historical effective population size (Ne) 

946 trajectories for KLKE and other breeds. F: MSMC2-inferred relative cross-coalescence 

947 rate between KLKE and other breeds.   



948

949 Figure 5 Selection signatures associated with reproductive seasonality 

950 A: Genome-wide selection scans comparing year-round-estrous and seasonal-estrous 

951 sheep breeds, based on FST, θπ ratio, and XP-EHH methods. Overlapping windows 

952 ranked in the top 1% for at least two statistics are labeled. B: Haplotype patterns based 

953 on SNP constructs with minor allele in the chr7:90475001–9065001 bp region. C: Pie 

954 chart showing the allele frequency distribution of TSHR g.90612698 T>G in Twelve 

955 sheep breeds. The type of the variant allele is shown in blue and the type of the reference 

956 allele is shown in cyan. D: Expression pattern of TSHR gene in sheep GETx. E: Co-

  



957 localization pattern of TSHR g.90612698 T>G loci in sheep GETx. Target loci are 

958 indicated in purple, other different levels of interlocking are indicated by different 

959 colors. F: Expression patterns of different genotype frequencies of the TSHR gene.

960

961 Figure 6 Selective sweeps with coat color

962 A: SNP-based selective sweeps with coat color, analyzed by FST, θπ ratio, and XP-EHH 

963 methods, with the intersections of the top 1% windows labeled. B: GO pathway 

  



964 enrichment analyses of overlapping genes with coat color, with pathways considered 

965 significant at corrected P<0.05. C: Haplotype patterns constructed from SNPs with 

966 minor allele frequencies<0.01 in the chr 6:70570000–7095000 bp region. D: 

967 Distribution of the gene missense mutation KIT g.70935444 G>A across Eight sheep 

968 populations. E: Alignment of KIT protein sequences from nine vertebrate species. The 

969 background color of the sampling plot indicates the predicted mean annual temperature 

970 (°C). F, G: Three-dimensional structures before and after mutation. (R636Q 

971 corresponds to KIT g.70935444 G>A). The location of mutant and natural amino acids 

972 is indicated by black arrows.

973

  



974 Figure 7 Selective sweeps with a tail type 

975 A: SNP-based selective sweeps with a tail type, analyzed by FST, θπ ratio, and XP-EHH 

976 methods, with the intersections of the top 1% windows labeled. B: Haplotype patterns 

977 based on SNP constructs with minor allele in the chr 8:88850001–88900000 bp region. 

978 C: Genotype frequency distribution of the missense mutation g.88882077 C>A in the 

979 TBXT gene across sheep populations. D: Haplotype network based on pairwise 

980 differences within TBXT gene. Each circle represents a haplotype, and the size of the 

981 circle indicates the number of samples contained in that haplotype. Different colors 

982 indicate different types of sheep, where blue indicates BSB, purple indicates BYK, 

983 green indicates CLH, yellow-ish indicates HSK, indianred2-ish indicates YC, and pink 

984 indicates HT. E: Alignment of TBXT protein sequences from nine vertebrate species. 
985 F: and G: Three-dimensional structures before and after mutation. (G112W corresponds 

986 to TBXT g.88882077 C>A). The location of mutant and natural amino acids is indicated 

987 by black arrows.

988
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1001 摘要：

1002 新疆地方绵羊在复杂多样的生态环境中表现出显著的表型多样性，但其群体结构以及重要性

1003 状的进化历史仍缺乏系统解析。本研究对来自新疆 14 个地方绵羊群体的 1 363 只个体开展

1004 全基因组重测序及群体基因组学分析。结果显示，新疆地方绵羊可划分为 3 个主要遗传类

1005 群。其中，策勒黑羊和卡拉库尔羊分别形成两个独立的遗传谱系，并于约 2 000 年前与主要

1006 群体发生分化；其余品种的分化时间相对较晚，约为 1 000 年前。围绕繁殖季节性、毛色和

1007 脂臀等重要性状开展选择信号分析，鉴定出多个候选基因及变异位点。全年发情与季节性发

1008 情品种的比较分析表明，TSHR 基因在全年发情品种中受到强烈选择。进一步精细定位筛选

1009 出候选调控变异 g.90612698 T>G，该变异在全年发情品种中显著富集，表达数量性状位点

1010 （eQTL）分析显示其与甲状腺组织中较低的 TSHR 表达水平相关。毛色性状比较分析在策

1011 勒黑羊和卡拉库尔羊中鉴定到高频 KIT 基因变异 g.70935444 G>A，等位基因频率轨迹推断

1012 显示，该变异的频率约在 400 年前开始快速升高。对于脂臀性状，通过祖先重组图谱重建追

1013 溯了 TBXT 相关变异 g.88882077 C>A 的谱系历史，结果表明其衍生等位基因频率约在 1 800

1014 年前开始升高。综上，本研究从全基因组水平系统揭示了新疆地方绵羊的遗传多样性、群体

1015 结构及种群历史，并鉴定了与重要经济性状相关的候选功能变异，为新疆地方绵羊遗传资源

1016 保护、种质创新和分子育种提供了重要的基因组学资源和理论依据。

1017 关键词：全基因组重测序；群体结构；遗传多样性；种群历史；新疆地方绵羊

  


