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Abstract

Objective: Sheep were among the first domesticated livestock and play a significant role in global
animal husbandry. China has a vast territory and diverse environments, which have given rise to numerous
indigenous sheep breeds with unique characteristics and strong adaptability under different natural
conditions. Elucidating the genetic mechanisms underlying their adaptability is of great importance for
conserving the genetic diversity of Chinese sheep and for the scientific utilization of sheep genetic
resources. Transposable elements (TE) are potential drivers of genomic adaptive evolution. This study
employs a pan-genome strategy to perform genome-wide identification and tissue expression analysis of
sheep TE, aiming to uncover transposable element-derived structural variants (TEV) associated with local
adaptability and to provide new clues for deciphering the molecular mechanisms of environmental
adaptation in sheep.

Method: In this study, we first constructed a sheep pan-genome using a “map-to-pan” iterative
assembly strategy based on all 16 assembled sheep genomes available in the NCBI database, along with
one reference genome (Oar_v4.0). Through sequence alignment, we identified novel sequences not present
in the reference genome, and employed a structural variant (SV) detection pipeline to characterize
variation types such as insertions and deletions, analyzing their compositional features and transposable
element origins. On this basis, whole-genome resequencing was performed for major Kazakh sheep breeds
and Duolang sheep. Combined with collected genomic data from 324 representative sheep samples
(including 12 Asian mouflon and 7 argali), we performed SV genotyping to construct an SV dataset,
followed by population genetic structure analysis to elucidate the genetic differentiation and migratory
history of sheep populations. Furthermore, redundancy analysis (RDA) and population differentiation
index (FST) approaches were applied to identify candidate loci associated with environmental adaptability
(cold, drought, altitude) and important traits (fecundity, seasonal estrus). To further investigate the
biological functions of transposable elements, we collected samples from 11 tissues (including tail fat, skin,
thymus, cerebral cortex, liver, etc.) and from key developmental stages of the tail (embryonic stages
E40-60, corresponding to tail elongation; E70-75, corresponding to fat deposition) for transcriptome
sequencing. Through systematic analysis of the spatiotemporal expression profiles of transposable
elements, we revealed their tissue-specific and developmental stage—specific dynamic expression patterns.
Co-expression analysis was further employed to explore the expression correlation between transposable
elements and neighboring genes, and combined with their genomic localization features, to provide
insights into their potential cis-regulatory mechanisms.

Result: (1) Pan-genome analysis successfully constructed a sheep pan-genome, identifying a total of
378,900 structural variants (SV), of which 63.42% were derived from transposable elements. Additionally,
254 Mb of non-reference sequences were identified, from which 1,421 novel genes were predicted. (2)
Population genetic structure analysis revealed the migratory history of domestic sheep, originating in West

Asia, subsequently giving rise to ancient European lineages to the west, dispersing eastward into East Asia

v



via Central Asia, and migrating southward into Africa. (3) Through RDA analysis, a total of 2,417 SVs
associated with cold adaptation, 2,856 SVs associated with drought adaptation, and 2,595 SVs associated
with high-altitude adaptation were identified. Candidate SV loci near genes such as /IKZF2, ADCYI,
C2HY0rf43, CMSS1, KIAA1715, and ITGBS5 were screened out. (4) Selection signature analysis identified
variants associated with seasonal estrus (located near the VIPR2 and MC2R genes), as well as variants
associated with high fecundity (located near the FSHR and BMP2 genes). (5) Transcriptome analysis
revealed that transposable elements exhibit significant spatiotemporally specific expression patterns. Three
candidate transposable elements associated with tail type differentiation were identified: a
DNA/TcMar-Tigger element in the 3' UTR region of the DCT gene, as well as an LINE/RTE-BovB
element and an LINE/L1 element in the 3' UTR region of the ALOX15 gene. (6) Dynamic analysis of tail
fat development showed that during the tail elongation stage (E40-45 to E55-60), transposable elements
were predominantly upregulated. During the tail fat formation stage (E55-60 to E70-75), transposable
elements exhibited an expression pattern opposite to that of genes, with only 371 upregulated and 5,183
significantly downregulated. Functional enrichment results indicated that genes associated with
transposable elements during the tail elongation stage were enriched in morphogenetic processes, whereas
during the tail fat formation stage, they shifted to pathways involved in growth and differentiation

regulation. Based on these findings, 10 candidate transposable elements were further identified.

Conclusion: This study integrates pan-genomic and transcriptomic technologies to systematically reveal
the dual role of transposable elements in the adaptive evolution and tail fat deposition of sheep. At the
genomic level, transposable elements contribute to 63.42% of structural variants in sheep, serving as a
significant source of population genetic diversity. The population genetic structure constructed based on
these variants clearly delineates the migratory history of domestic sheep. Furthermore, some structural
variants associated with environmental adaptability are located in regulatory regions of key functional
genes, suggesting that transposable elements may participate in adaptive responses to environmental
stresses such as cold, drought, and high altitude through insertional mutagenesis. At the expression
regulatory level, transposable elements exhibit spatiotemporally specific and developmental stage—specific
expression patterns, are predominantly distributed in non-coding regions, and show extensive
co-expression correlations (predominantly positive) with neighboring genes. Combined with genomic
localization analysis, it is hypothesized that transposable elements may exert cis-regulatory roles by acting
as alternative promoters, enhancers, or boundary elements, thereby influencing caudal vertebral
development and fat deposition processes. These findings provide new insights into the coordinated
regulatory mechanisms of environmental adaptation and tail fat deposition mediated by transposable

elements.

Key words:Sheep; Pan-genome; Transposable elements; Environmental adaptability; Tail Fat Deposition
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