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Single-nucleus RNA sequencing provides
insights into the genetic mechanisms
underlying reproductive adaptability in
Tibetan sheep (Ovis aries)
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The Tibetan sheep is an ideal model animal for investigating adaptations to hypoxia and an important
livestock species; however, the reproductive mechanisms that characterize its adaptive responses in
extreme environments remain poorly understood. In this study, we employ single-nucleus RNA
sequencing to characterize the transcriptomic landscape of the Tibetan sheep testis at four key
developmental stages: newborn, pre-sexual maturity, and post-sexual maturity to adulthood.

We constructed a single-nucleus transcriptomic atlas and identified two distinct subtypes of
spermatogonial stem cells (SSCs): quiescent and active. Notably, we observed that pre-sexually
mature Sertoli cells exhibit three distinct transcriptional states. Furthermore, we also identified a
transitional state Sertoli cell that links immature and mature Sertoli cells. Analysis of testicular
intercellular communication networks provides evidence for understanding somatic-germ cell
interactions during spermatogenesis. Our study provides a comprehensive atlas of Tibetan sheep
testicular development, revealing key insights into the dynamic changes and regulatory mechanisms
of spermatogenesis and somatic cell maturation from birth to adulthood. These findings contribute to a
detailed understanding of the genetic mechanisms underlying testicular development in Tibetan
sheep and offer valuable insights and references for the study and comprehension of reproductive

adaptations in other highland male domestic animals.

Tibetan sheep (Ovis aries) are a main livestock species raised on the
Qinghai-Tibet Plateau and its adjacent areas at altitudes of around 3000 m
above sea level. This sheep breed, developed through extensive natural
selection and artificial breeding, is highly regarded for its significant con-
tribution to local economic development and the maintenance of ecological
balance in alpine grassland regions'. To adapt to extreme cold and low-
oxygen environments in the plateau region, Tibetan sheep have developed a
distinctive physiological mechanism characterized by an extended devel-
opment cycle, delayed sexual maturity, and low fecundity™, which poses a
serious challenge to the efficient production and sustainable development of
the Tibetan sheep industry. These reproductive traits, shaped by long-term
husbandry in alpine environments, make them an ideal model for studying
developmental heterochrony in ungulates under ecological constraints.

Mammalian testicular tissue is a highly heterogeneous organ com-
posed of germ cells at various developmental stages, along with different
types of somatic cells. The continuity, robustness, and regeneration of the
male germline depend on spermatogonial stem cell (SSC) populations™’,
which are established through a multifaceted developmental process initi-
ated during embryogenesis and progressing through fetal, juvenile, pubertal,
and adult stages®. Cell division and progressive differentiation constitute the
foundational biological processes of spermatogenesis. Typically, SSCs
maintain the SSC pool through a precise equilibrium between self-renewal
and differentiation, and continuously produce progenitor spermatogonia
available for differentiation, which then undergo niche-guided transitions
during a variety of cellular states and processes (including mitotic divisions
of spermatogonia, meiotic progression of spermatocytes, and
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spermiogenesis) to maintain continuous sperm production™. Gaining a
comprehensive understanding of the developmental pathways of various
germ cell types is crucial for elucidating the regulatory mechanisms gov-
erning spermatogenesis. Although the core machinery of spermatogenesis is
conserved, distinct mechanistic differences in regulating stage-specific
transitions within this process, both within and among species, have
evolved, including differences in SSC state and the proliferative capacity of
progenitor spermatogonia’'’. Thus, understanding testicular cell fate and
transformation remains challenging, and many questions remain to be
addressed.

The successful execution of the germ cell developmental program
depends on the specialized testicular microenvironment, which is com-
posed mainly of somatic cells. Physical and biochemical interactions,
together with signaling events between somatic and germ cells at various
stages of germ cell development, are essential for sustaining continuous
spermatogenesis. Sertoli cells are the principal somatic cell type within
the testicular microenvironment, not only providing physical support for
germ cells and establishing the immune-privileged niche essential for
spermatogenic processes but also regulating germ cell development and
differentiation through complex molecular mechanisms and cell-cell
interactions. Although most studies have categorized Sertoli cell devel-
opment postnatally into two stages—immature and mature—whether
any intermediate or transitional states exist remains largely unknown''™".
In addition, as research has progressed, interactions between Sertoli cells
and germ cells have been increasingly elucidated, yet species-specific
differences in the underlying molecular mechanisms remain to be fully
defined. For example, a study exploring intercellular interactions in
porcine testes found that the ligands in the glial cell line-derived neu-
rotrophic factor (GDNF) signaling pathway associated with SSC main-
tenance differ from those in humans and mice (i.e., Sertoli cells express
NRTN but not GDNF)". This finding highlights species-specific differ-
ences in SSC maintenance by Sertoli cells and suggests that species-
specific regulatory factors must be considered to obtain a more accurate
understanding of reproductive regulatory mechanisms.

Although single-cell transcriptomic analyses of ovine testes have
advanced our understanding of spermatogenesis, limitations remain in
developmental coverage, cell type resolution, and breed representation.
Current studies primarily focus on single or narrow developmental win-
dows. For instance, scRNA-seq of 8-month-old Mongolian sheep testes
revealed conserved and divergent transcriptomic features across mamma-
lian spermatogenesis, yet it captured only a single post-pubertal stage".
Similarly, research on 1.5-year-old Hu sheep failed to identify spermato-
gonial populations (including SSCs and progenitors), highlighting the cri-
tical influence of developmental stage at sampling on cell type detection'’. A
recent multi-stage sSCRNA-seq atlas of Hu sheep testes (from birth to 540
days) represents a significant advancement, as it dynamically maps tran-
scriptional changes across postnatal development'”. However, despite the
expanded developmental coverage achieved in Hu sheep (spanning birth to
adulthood), critical knowledge gaps persist regarding Tibetan sheep, par-
ticularly in the molecular dynamics governing sexual maturation. This
oversight is compounded by the predominant reliance on low-altitude
breeds (e.g., Hu sheep) in existing studies, which fails to capture the unique
adaptations of high-altitude species. The exclusion of Tibetan sheep
represents a significant scientific gap, as this breed exhibits specialized
transcriptional networks (e.g., hypoxia-response pathways) and epigenetic
regulators (e.g., miRNAs) that are essential for testicular function in plateau
environments. Analogous research on yak hybrids further underscores the
role of cell-autonomous gene dysregulation in high-altitude spermatogenic
failure'®"”, highlighting the importance of studying plateau-adapted species.
Given that sexual maturation represents a period of profound cellular
reorganization and functional transition within the testis, targeted sampling
before, during, and after this key developmental window is crucial for
understanding the mechanisms governing the establishment and main-
tenance of spermatogenesis. Our current understanding of these processes
in the unique context of Tibetan sheep - particularly the molecular

underpinnings of SSC self-renewal, Sertoli cell maturation, and Sertoli-germ
cell interactions during this critical phase — remains limited.

Single-nucleus RNA sequencing (snRNA-seq) now offers a powerful
approach to dissect this cellular and molecular heterogeneity, reconstruct
differentiation trajectories, and elucidate cellular functions and interactions
within the native testicular microenvironment”*”'. Here, we established a
testicular cell atlas of Tibetan sheep at four postnatal developmental stages
(newborn, pre-sexual maturity, post-sexual maturity, and adult) using
snRNA-seq to systematically probe the molecular signatures, develop-
mental status, and intercellular communication networks that define the
transition to and establishment of full reproductive capacity in this breed.
We identified 21 distinct cell clusters encompassing all major cell types
within the testis, revealed highly heterogeneous cell populations in the testes,
and generated individual spatial maps of cluster-specific marker expression
through immunofluorescence analysis. In addition, we mapped the global
intercellular signaling networks, providing insights into cellular interactions
during spermatogenesis. Together, these data provide a theoretical basis for
optimizing reproductive performance in rams and constitute an important
resource for subsequent gene function studies and molecular genetic
improvement. In conclusion, these findings not only dissect the molecular
mechanisms underlying the reproductive adaptations of male Tibetan sheep
but also provide valuable data resources and insights for studying repro-
ductive adaptations in other highland male domestic animals.

Results

Single-nucleus transcriptomic profiles of the developing Tibetan
sheep testes

We collected whole testes from Tibetan sheep at various postnatal ages,
including TOM, T3M, T1Y, and T3Y, encompassing the entire period from
newborn to adult stages. Histological examination of the testis revealed
dynamic changes in cell morphology and composition during this devel-
opmental timeline: (i) 1-day-old (newborn: seminiferous cords contained
gonocytes and spermatogonia), (ii) 3-month-old (pre-sexual maturity: very
few spermatocytes were found in addition to gonocytes and spermatogo-
nia), a period in which the testis undergoes structurally and functionally
important transformations, (iii) 1-year-old (post-sexual maturity: three to
five layers of germ cells at various stages of division (from spermatogonia to
spermatids) were observed in neatly arranged seminiferous tubules), cor-
responding to the stage at which the testis is functionally mature and capable
of continuously producing and releasing spermatids, and (iv) 3-year-old
(adult: a marked increase in the number of spermatogenic cell layers (7-9
layers), with spermatogonia, spermatocytes, round spermatids, and elon-
gating spermatids distributed sequentially from the basement membrane to
the lumen), a stage characterized by a significant degree of functional sta-
bility and maturity in the testes (Fig. 1A). In addition, immunofluorescence
staining further supported the histological observations by confirming the
expected localization of germ cells, as indicated by DDX4 staining (Fig. 1B).
To characterize the molecular features associated with this developmental
process and to parse testicular cellular heterogeneity, we isolated single
nuclei from these testicular tissues and conducted snRNA-seq using the 10x
Genomics platform (Fig. 1C). For each developmental stage, two inde-
pendent biological replicates were conducted, each consisting of pooled
testicular tissues from two randomly selected individuals within that stage,
yielding a total of eight datasets. Out of a total of 36,199 nuclei, 33,773 passed
standard quality control filters and were subsequently retained for down-
stream analysis (Supplementary Fig. S1 A, B). Two biological replicates in the
same group were highly similar (Supplementary Fig. S1C). After removing
low-quality nuclei, batch effects across datasets were mitigated using the
Harmony algorithm to facilitate downstream analysis™. The t-distributed
stochastic neighbor embedding (t-SNE) embedding before Harmony inte-
gration is provided in Supplementary Fig. S1D. We then performed a graph-
based Louvain clustering algorithm in Seurat™ and visualized the resulting
clusters using t-SNE*. Further clustering analyses yielded a global cell/
molecular atlas of Tibetan sheep testis (Fig. 1D). Notably, we observed a
trend wherein cells from TOM and T3M groups exhibited close proximity, as
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Fig. 1| Single-nucleus transcriptomic profiles of developing Tibetan sheep testes.
A Hematoxylin and Eosin (H&E) staining of sections of Tibetan sheep testes
demonstrating histomorphologic features. Age: one-day-old, TOM; three-
month-old, T3M; one-year-old, T1Y; three-year-old, T3Y. Scale bars =20 pm.
B Representative images show DDX4-positive germ cells in seminiferous
tubules. Scale bars = 10 um. C A brief schematic diagram of single-nucleus RNA
sequencing workflow. By Figdraw. D t-SNE and clustering analysis of single-
nucleus transcriptome data from Tibetan sheep testes at different

developmental stages (two biological replicates per stage; 8 libraries total;
n=33,773 nuclei). Each dot represents a single nucleus and is colored by
developmental stage or by cluster identity, as indicated. E Bubble plots showing
expression of cell-type-specific marker genes for all identified cell clusters. For
each cell type, representative markers are shown in the main figure, accom-
panied by a gallery of additional markers in Supplementary Fig. S1F, G. F The
identification of cell clusters expressing the specified marker genes enabled the
alignment of these clusters with distinct spermatogenic cell types.

Communications Biology | (2026)9:452 3


www.nature.com/commsbio

https://doi.org/10.1038/s42003-026-09729-1

Article

did cells from T1Y and T3Y groups (Fig. 1D). Additionally, the four
developmental stages demonstrated temporal variations in the composition
of specific cell types (Supplementary Fig. S1E), consistent with the histo-
logical characteristics of testes at different developmental stages.

Subsequently, based on established cell type-specific markers and the
dynamic changes in cell number, we annotated each cluster along a putative
continuum of cell proliferation and differentiation during spermatogenesis,
identifying the represented cell types, including the major germ cell popu-
lations—spermatogonia, spermatocytes, and spermatids—as well as their
respective subtypes (Fig. 1D). These assignments are qualitatively supported
by protein immunolocalization patterns that are broadly consistent with our
annotations (as detailed in the corresponding sections), and the key marker
genes together with their supporting references are summarized in Sup-
plementary Data 1. Based on their high expression of spermatogonia-
associated genes (NCL"”’, HMGB2”, and CNOT3"), clusters 14, 10, 16, 3,
and 2 were collectively assigned to the spermatogonial compartment
(Fig. 1E, F and Supplementary Fig. S1F). In accordance with the classical
subdivision of postnatal spermatogonia into undifferentiated and differ-
entiating fractions, with the undifferentiated pool comprising SSCs and
progenitors””, we further resolved these clusters into sequential states
along this continuum. Clusters 14 and 10 (designated Undiff-SPG1 and
Undiff-SPG2) represented the most primitive undifferentiated populations,
showing prominent expression of SSC-associated genes such as TKTLI",
LIN28B', PODXL2”, MYBL2", and UTFI***™. Cluster 16 (Undiff-
SPG3) likely corresponded to a progenitor spermatogonial population
transitioning toward differentiation, characterized by expression of
progenitor-associated genes such as SOX2****, SALL3”, and PRDM14”. In
contrast, clusters 3 and 2 displayed elevated expression of RPLPI™,
DMRTC2®, PTMA"*, TPTI®, HMGN2", MIF’, and other
spermatogonia-associated genes, consistent with previous reports describ-
ing these genes as characteristic of differentiating spermatogonia in other
mammalian species. Accordingly, these five cell clusters were identified as
representing three developmental stages of spermatogonial programmed
proliferation and differentiation (clusters 14/10: SSCs; cluster 16: progeni-
tors; clusters 3/2: differentiating spermatogonia, designated Diff-SPG1 and
Diff-SPG2). Similarly, SPATAI6 and SPATA17”, FSIP2>", PIWILI*",
SPAG6'""****, and other meiosis-associated genes were highly expressed in
clusters 4, 11, and 5. Based on these expression patterns, clusters 4, 11,and 5
were therefore identified as meiotic germ cells during spermatogenesis.
Combined with the expression patterns of the spermatid markers CHD5”,
TNPI and TNP2'"**%, SPEM1****, and PRM3"****, clusters 7 and 0 were
identified as cell populations representing the stage of sperm morphogenesis
(spermiogenesis). Additionally, we identified separate clusters corre-
sponding to testicular somatic cells (Fig. 1D), particularly Sertoli cells
(FATEI" and SOX9", etc.), which are the principal support cells for sper-
matogenesis, as well as other somatic cell types, including peritubular myoid
cells, Leydig cells, endothelial cells, lymphocytes, and macrophages (Fig. 1E
and Supplementary Fig. S1G for additional markers). Based on the dynamic
expression of these marker genes, we identified a total of 21 cell clusters in
the developing Tibetan sheep testis, encompassing germ cells from sper-
matogonia to spermatids, as well as six types of somatic cells (Fig. 1D, F). It is
worth noting that, as shown in Supplementary Fig. S2, germ cell marker
genes were highly conserved among sheep populations (Tibetan sheep, Hu
sheep, and Mongolia sheep), whereas orthologous genes exhibited limited
functional conservation across mammalian species.

Coordinated gene expression patterns and cell type-specific
characteristics of spermatogenesis

We utilized Monocle2 pseudotime trajectory analyses to construct a
developmental trajectory of germ cells. Unsupervised pseudotime analysis
from SSCs to spermatids recapitulated the developmental trajectory during
Tibetan sheep spermatogenesis (Fig. 2A and Supplementary Fig. S3A).
Meanwhile, five different gene cohorts were generated along the germ cell
differentiation trajectory (Supplementary Data 1). Gene ontology (GO)
analysis of these clusters revealed a dynamic progression of cellular,

developmental, and metabolic processes that align with well-organized
germline development (Fig. 2B and Supplementary Data 1). We then
examined the expression of key marker genes during spermatogenesis by
providing scatter plots for individual genes in each cell (Fig. 2C and Sup-
plementary Fig. S3B, C). It is worth noting that candidate spermatogonia
markers (ITGA6”, PHGDH, MSL3*’, ADGR3”, PIWIL4, NCL"*, etc.)
were highly expressed only in the early pseudotime, while candidate sper-
matocytes markers (TEX11** and MYBLI**) were highly expressed in the
middle pseudotime. In contrast, candidate spermatids markers (DDX43",
MTFI*, HDACI11”, DNAH5*, etc.) were highly expressed from mid to late
pseudotime. The consistent alignment of these genes in pseudotime with the
process of spermatogenesis in both rodents and primates strongly indicates
that pseudotime accurately reflects the biological characteristics of testicular
development. Germ cells were subsequently parsed according to develop-
mental stage to assess their relative composition across various stages of
development. Interestingly, germ cells from TOM samples consisted of
undifferentiated and differentiating spermatogonia, consistent with pre-
vious observations in Hu sheep®. In the T3M sample, meiotic cells began to
emerge, but the number was very small, whereas in the T1Y sample, the
relative proportion of spermatocytes considerably increased, consistent with
the proliferative expansion of spermatocytes during meiosis. The T1Y
sample largely resembled the T3Y sample, though post-meiotic cells
increased in proportion, suggesting a more robust commitment to meiosis
and an almost complete progression of spermatogenesis (Supplementary
Figs. SIC, S3D). In addition, differential expression analysis (P <0.01;
log2FC > 0.36 or log2FC < 0) identified all differentially up- and down-
regulated genes in the 10 germ cell clusters (Fig. 2D). Notably, more than
4000 genes (2184 up and 2481 down) were differentially expressed during
meiotic initiation, exhibiting the most dramatic transcriptomic changes. To
delineate cluster-specific transcriptional programs, we generated a heatmap
of the top 10 up-regulated genes for each germ cell cluster (Supplementary
Fig. S2E); consistent with these signatures, GO enrichment of the up-
regulated genes corroborated the assigned cell-type identities (Fig. 1D and
Supplementary Data 1).

Dynamic gene expression patterns of spermatogonia and sig-
naling pathways and metabolic drivers regulating their
differentiation fate

Based on t-SNE analysis, we identified five clusters that specifically express
spermatogonia marker genes (Fig. 1D, E), and these expression patterns
were further validated by immunofluorescence staining (Fig. 3A and S4A).
To further resolve the heterogeneity within undifferentiated spermatogonia,
we next performed a detailed comparison of the Undiff-SPG1, Undiff-
SPG2, and Undiff-SPG3 clusters (Fig. 3 and Supplementary Fig. S4). We
found that cells within the Undiff-SPG1 and Undiff-SPG2 clusters have
similar transcriptional profiles (Supplementary Fig. S4B) and, at first glance,
co-express many key stem cell transcription factors such as TCFI12*%,
ATM?, PIWIL2**, ICAIL*, PODXL2”, MYBL2"™", ZBTB43", and
POUSFI”™ (Fig. 3B). Notably, although POUSFI is classically defined as a
marker of primordial germ cells and pluripotency, developmental studies in
mammals indicate that, after birth, its expression shifts from centrally
located neonatal gonocytes to basement membrane-associated undiffer-
entiated spermatogonia in the adult testis” . Consistent with this, our
immunofluorescence analyses detected POUS5FI in centrally located
gonocytes at neonatal stages and in undifferentiated spermatogonia along
the basement membrane at later postnatal stages (Supplementary Fig. S4C),
likely reflecting the maintenance of POU5F1 expression into postnatal life””.
Despite these shared stem cell factors, Undiff-SPG1 and Undiff-SPG2 also
enriched for different subsets of canonical and noncanonical genes (Undiff-
SPGl: DNAJB6”, PTRHDI®, etc; Undiff-SPG2: DMRTI**,
ZBTBI632,33,59,<»0, CPEBIZQ, PLPPR329’34, UTF129’32_35, SOHLH132'33’61,
FOXOI*”, TSPAN33"*", etc.) that clearly distinguish Undiff-SPG1 from
Undiff-SPG2 (Fig. 3B). We next explored whether Undiff-SPG1 and
Undiff-SPG2 clusters represent cells in different phases of the mitotic cycle.
We used known cell cycle genes (Supplementary Data 2) to determine the
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Fig. 2 | Gene expression dynamics during spermatogenesis. A Pseudotime

developmental trajectory of germ cell subclusters. Cells are colored by the predicted
pseudotime. B Heatmap showing the dynamic changes of gene expression in germ
cells along pseudotime. The most representative GO terms in each gene cohort are
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colors denote cluster identity (color scheme as in Fig. 1D). D Differentially expressed
genes (up- and down-regulated) and associated GO terms in germ cell types. The
represented GO terms from the up-regulated genes of each cell cluster are shown.

stage that each cell may be in and found that the Undiff-SPG1 and Undiff-
SPG2 clusters are similarly distributed across the cell cycle (Supplementary
Fig. $4D). This suggests that the cell cycle state does not dictate the clusters;
rather, the clusters reflect two distinct transcriptional states of

undifferentiated spermatogonia. Given these findings, we conclude that the
Undiff-SPG1 and Undiff-SPG2 clusters define transcriptionally discrete
states of SSCs and that they may represent metastable (heterogeneous)
cellular phenotypes that allow SSCs to adapt to dynamic testicular niche
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shown at single-nucleus resolution (each dot represents one nucleus); nuclei
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environments. Interestingly, we found that cells in Undiff-SPG2 expressed
DMRTI, ZBTB16, MKI67, CDK14, and numerous cyclins (Fig. 3B, C),
indicating that the population is more actively proliferative. It is unknown
whether an active mechanism is required to maintain differentiation and
proliferation potential in SSCs, and whether this active state is necessary for
expanding the transit-amplifying progenitors requires further exploration
(The results are detailed in subsequent sections). Unlike Undiff-SPG1 and
Undiff-SPG2, the Undiff-SPG3 cluster downregulated some SSC-associated
genes (ATM, PIWIL2, MYBL2, TCF12, ZBTBI6, etc.) while maintaining
progenitor-associated genes (Fig. 3B), including SOX2°****, FABP7>®,
PIWIL4”, CDHI*, SALL3”, PRDM14”, UPPI"*’, and FOXA2”. We
speculate that this cluster may represent a transitional state (progenitors)
between undifferentiated and differentiating spermatogonia. Consistent
with findings in high-altitude species such as the yak'®, we also detected
expression of the conserved pluripotency-associated gene LIN28B across all
undifferentiated spermatogonia clusters (Undiff-SPG1/2/3; Figs. 1D and
3D), suggesting its potential role in maintaining stemness under diverse
physiological conditions. Although we did not perform functional assays to
determine the function of cells in the Undiff-SPG1/2 and Undiff-SPG3
clusters, the enriched gene expression patterns indicate that Undiff-SPG1/2
is rich in SSCs, while Undiff-SPG3 is rich in progenitors. Notably, several of
these genes (Fig. 3B), which have been used in other species to infer SSC- or
progenitor-enriched states, were examined only post hoc in our dataset, i.e.,
after the initial annotation based on canonical genes (Fig. 1E, F). As cluster-
enriched transcripts, they therefore serve as supportive rather than primary
defining markers and provide additional molecular features that help dis-
tinguish SSC-enriched (Undiff-SPG1/2) from progenitor-enriched (Undiff-
SPG3) states.

Alterations in cellular state and function, such as the differentiation of
stem and progenitor cells into diverse cell types, are frequently associated
with substantial modifications in metabolic demands and characteristics,
often driven by changes in the extracellular environment®. However, our
understanding of the metabolic properties associated with SSCs—including
self-renewal and differentiation—and the specific molecular features of their
transformation during differentiation remains limited across species. To
explore the unique metabolic mechanisms and differentiation character-
istics of Tibetan sheep spermatogonia subpopulations during this process,
we performed differential expression analysis across the five spermatogonia
clusters and observed 1783, 2735, 219, 249, and 240 up-regulated genes in
Undiff-SPG1, Undiff-SPG2, Undiff-SPG3, Diff-SPG1, and Diff-SPG2
(Supplementary Fig. S4E), respectively. The results indicate that, within
heterogeneous spermatogonia subpopulations, substantial differences in
transcript abundance and characteristics are readily apparent even among
closely related cell types, which may underlie the maintenance of SSCs, the
transition of SSCs to progenitors, and the programmed proliferative dif-
ferentiation of SSCs into differentiating spermatogonia. GO enrichment
analysis showed significant enrichment of terms associated with metabolic
processes (Supplementary Data 1), such as “cellular macromolecule meta-
bolic process, DNA metabolic process, and regulation of cellular metabolic
process, etc.” This suggests that altered gene expression influencing distinct
metabolic pathways may be interconnected with variations in cell fate
decisions among spermatogonial subpopulations. In general, a well-
documented correlation exists between glycolytic metabolism and stem
cell properties, whereas a transition to oxidative phosphorylation usually
occurs upon the initiation of the differentiation process. Consistent with this
notion, GO enrichment analysis showed that the up-regulated genes in
Undiff-SPG1 and Undiff-SPG2 are predominantly involved in glycolysis-
related signaling pathways, whereas the up-regulated genes in Undiff-SPG3,
Diff-SPG1, and Diff-SPG2 are mainly involved in mitochondrial function
and oxidative phosphorylation-related signaling pathways (Fig. 3E, F and
Supplementary Data 1). In addition, KEGG enrichment analysis showed
that genes up-regulated in Undiff-SPG1 and Undiff-SPG2 are significantly
enriched in signaling pathways regulating pluripotency of stem cells, while
genes in Diff-SPG1/2 are significantly enriched in the oxidative phos-
phorylation pathway (Supplementary Data 2). Together, these results

suggest that the metabolic shift from glycolysis to oxidative metabolism
during stem cell differentiation is at least partly governed by changes in the
expression of genes related to glycolysis and mitochondrial activity. This
glycolysis-to-OXPHOS transition reflects the established hypoxia-response
paradigm, whereby glycolytic metabolism maintains stem cell quiescence
and survival in hypoxic niches, while OXPHOS fuels differentiation upon
oxygen availability, consistent with metabolic reprogramming described in
stem cells, including SSCs'"®, Some studies have demonstrated that the
MAPK, PI3K-Akt, and mTOR signaling pathways in mouse testis are
usually related to both the interconversion between quiescent and activated
SSCs and the differentiation of active SSCs into progenitors”. In our dataset,
activated SSCs show a significant increase in MAPK and mTOR signaling
activity compared with quiescent SSCs, and enhanced mTOR activation was
exclusively observed in activated SSCs but not in progenitors (Supple-
mentary Fig. S4G). This observation suggests that the quiescent SSC
populations generate partially activated SSCs primarily via the MAPK/
mTOR signaling pathway, leading to the formation of early progenitors by
the activated SSCs. Although Tibetan sheep SSCs and progenitors exhibit
signaling characteristics that are not identical to those reported in mice, we
also found that, consistent with findings in mice”, RPS6—a downstream
target critical for mTOR signaling—is highly expressed in progenitors
(Supplementary Fig. 4G, H). Collectively, these findings link active MAPK,
PI3K-Akt, and mTOR signaling with the progressive transition from
quiescent SSCs to active SSCs to progenitors.

Molecular characterization of the self-renewal or differentiation
fate of spermatogonial stem cells

Spermatogonial differentiation is a critical step in spermatogenesis and
marks the initiation of an irreversible commitment to germ-cell differ-
entiation. To reveal the transcriptome dynamics of this process in Tibetan
sheep, we performed a pseudotime trajectory analysis of all spermatogonia
subclusters using Monocle2 to align individual cells along developmental
trajectories and elucidate the molecular features from stem cells to pro-
genitor cells and finally to differentiated cells. The results showed that these
five spermatogonia subclusters have the following developmental trajectory:
SSCs (Undift-SPG1 and Undiff-SPG2 clusters, which were automatically
merged during trajectory inference) — progenitors (Undiff-SPG3) — dif-
ferentiating spermatogonia (Diff-SPG1 and Diff-SPG2) (Fig. 4A). Inter-
estingly, pseudotime trajectory analysis revealed a branching point along the
inferred differentiation path, indicating two distinct cellular trajectories: one
branched group of cells corresponds to terminal differentiation from
undifferentiated to differentiating spermatogonia, whereas the other
represents a transitional state that bridges the undifferentiated and differ-
entiating spermatogonia stages. This branch is likely enriched for the SSC
pool and may simultaneously generate progenitors to initiate spermato-
genesis (Fig. 4A). To elucidate the molecular dynamics that distinguish these
two branches, we subsequently examined gene-expression changes along
the spermatogonia differentiation trajectory to explore cell-type character-
istics and identify potential candidate genes associated with cell-fate tran-
sitions. By mapping gene expression onto pseudotime, we identified five
gene cohorts (a total of ~3510 genes; Fig. 4B and Supplementary Data 2).
Previous work has shown that SSCs can be classified into two categories
based on JAKI mRNA abundance, with JAKI™ SSCs associated with self-
renewal and JAKI® SSCs biased toward producing differentiating
spermatogonia®. To test whether a similar dichotomy exists in Tibetan
sheep, we analyzed the dynamic expression of genes associated with stem
cell self-renewal or differentiation along pseudotime (Fig. 4C). Stem cell-
related genes grouped into cohorts 4, 3, and 5 began to increase at the
starting point of pseudotime, whereas those in cohorts 1 increased around
the midpoint of pseudotime. These gene sets continued to increase along the
branch leading to differentiating spermatogonia and decreased along the
trajectory toward the basal SSC pool. Based on these patterns, we hypo-
thesize that higher expression of genes such as JAK1, ITGB1, ATM, PHGDH,
PTRHDI, UTF1, DNAJB6, SOHLH2, ICAIL, PPP1R36, EPCAM, MKI67,
and others is preferentially initiated in SSCs that are poised to produce
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trajectory analysis. D A hypothetical model for the expression and asymmetric
distribution of genes related to self-renewal or differentiation in stem cells. By
Figdraw. E Representative images of immunofluorescence staining. Scale

bars = 10 pm.

differentiating spermatogonia, rather than in SSCs undergoing self-renewal,
and that these transcripts may subsequently persist in differentiating sper-
matogonia (Fig. 4B-D). We next evaluated the protein-level distribution of
JAK1 and EPCAM by immunofluorescence analysis. Positive signals for
JAK1 and EPCAM were detected in both SSCs and differentiating sper-
matogonia (Fig. 4E), supporting this hypothesis. Furthermore, DMRTI and
ZBTBI16 were included among the gene cohort responsible for sustaining the

SSC pool (Fig. 4C). Previous studies in mice have shown that DMRT]
promotes both maintenance and replenishment of the SSC pool, at least in
part by activating ZBTB16 transcription to regulate self-renewal®. Con-
sistent with these findings, our data indicate that expression of DMRTI and
ZBTBI6 s initiated in the SSCs in a self-renewing mode (Fig. 4D). Although
it is unclear what mechanism or signal directly triggers stem cells to express
these markers, identifying these triggers will significantly enhance our
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understanding of spermatogonial fate decisions. Taken together, our data-
sets and comparative analyses elucidate the developmental trajectories and
gene-expression profiles associated with fate transitions in undifferentiated
spermatogonia in Tibetan sheep. The undifferentiated spermatogonial
populations contain both a core SSC pool and transit-amplifying progeni-
tors, which are governed by a corresponding set of dominant genes that
guide subsequent development toward either self-renewal or differentia-
tion fates.

Dynamic transcriptional program during meiotic developmental
process
We singled out cells from clusters 4, 11, and 5 (characterized by the
expression of PIWIL1; Fig. 5A) for re-clustering analysis, which revealed
five subclusters (Fig. 5B). The numbers of nuclei in each subcluster after
reclustering are summarized in Supplementary Fig. S5A. Next, we
identified pre-leptotene, leptotene, zygotene/early pachytene, late
pachytene, and diplotene spermatocyte subtypes using established
markers from meiosis databases (https://mcg.ustc.edu.cn/bsc/meiosis/)
and literature sources™>*” (Fig. 5C and Supplementary Fig. S5B).
During meiosis, global transcriptional activity decreased during early
prophase (leptotene, zygotene, and early pachytene) and recovered at
the late pachytene stage, and key genes required for spermatogenesis
were significantly up-regulated from early pachytene onward (Supple-
mentary Fig. S5C and Supplementary Data 3), in general agreement with
previous studies in mice and humans®. Sertoli cells form the blood-testis
barrier (BTB) through diverse cellular junctions, creating a specialized
immune and nutritional microenvironment for germ cell
differentiation”. Primary spermatocytes successfully traverse this bar-
rier to enter the adluminal compartment, a process that depends on BTB
reorganization involving dynamic changes and interactions among
multiple proteins. Our results show that at the onset of BTB reorgani-
zation (pre-leptotene), GO terms such as cell morphogenesis, cell
junction, protein binding, immune response-regulating cell surface
receptor signaling pathway, and cell migration are significantly enri-
ched. When leptotene spermatocytes traverse the BTB, tight junctions
and adherens junctions undergo further dynamic changes that increase
BTB permeability and facilitate spermatocyte migration toward the
adluminal compartment. The subsequent zygotene, pachytene, and
diplotene phases are mainly enriched for GO terms and genes related to
chromosome and cytoarchitectural stability, such as microtubule bun-
dle, centrosome duplication, telomere maintenance, and sister chro-
matid segregation (Supplementary Fig. S5D, E and Supplementary
Data 3). This transition reflects alterations in the prioritized biological
events that spermatocytes engage in at successive stages of meiosis.
Next, pseudotime trajectory analysis revealed that these spermatocyte
subclusters appeared sequentially along pseudotime, corresponding to
distinct meiotic stages (Fig. 5D). The underrepresentation of secondary
spermatocytes may be due to their rapid progression into round
spermatids™, which is consistent with the chronological characterization of
mammalian  spermatogenesis. Pseudotime-based differential ~gene-
clustering analysis identified significant transcriptional changes at each
stage of meiosis with five distinct molecular signatures (a total of ~6045
genes; Supplementary Data 3), particularly during the transition from the
pre-leptotene/leptotene stages—marked by expression of USP50, MNDI,
and MAEL—to the zygotene/pachytene/diplotene stages—characterized by
expression of TEX11, SCML2, SYCPI, FSIP2, TFDP1, RHCG, MLH3, and
HMBOX]1 (Fig. 5E, F and Supplementary Fig. S5F). Consistent with these
dynamics, pseudotime scatter plots further revealed significant up-
regulation of key spermatogenesis genes along meiotic progression
(Fig. 5G and Supplementary Fig. S5G). Meanwhile, we identified several
meiotic recombination-associated genes, including TEX11/14, RAD51API,
MSH2/3/6, BRCA 1, and TOPBPI, that were up-regulated from the leptotene
stage to the pachytene stage (Fig. 5E). These results suggest that the accu-
mulation of these mRNAs may prime cells for the subsequent formation of
double-stranded DNA breaks as well as homologous chromosome pairing

and synapsis. In addition, histone variants play a key role in chromatin
recombination and gene expression regulation during spermatogenesis’’.
Notably, we observed a gradual accumulation of histone genes coincident
with the onset/completion of meiotic recombination (Fig. 5E), supporting
the idea that meiotic recombination occurs during the transition from
leptotene to pachytene”. This transcriptional trajectory reflects dynamic
gene expression reprogramming during meiotic progression from leptotene
to diplotene, characterized by the sequential activation of meiotic recom-
bination machinery (e.g, TEX11, RAD51API) and histone variant accu-
mulation, which are critical for homologous chromosome pairing and
chromatin remodeling. Functional analyses were performed to better
understand stage-specific changes in various biological processes (Fig. 5E).
Taken together, these results reveal stage-specific transcriptional changes
and functional diversity of genes in specific biological processes as well as
meiotic progression, reflecting the functional hierarchy of molecular events
governing meiotic fidelity.

Gene dynamic expression during spermatid morphogenesis
From the Tibetan sheep steady-state spermatogenic cell dataset (Fig. 1D), we
identified spermatid-containing clusters—cluster 7 (round spermatids) and
cluster 0 (elongated spermatids)—based on the expression of established
marker genes (Fig. 1E and Supplementary Fig. S6A). A total of 1469 and 520
up-regulated genes were observed in clusters 7 and 0, respectively (Sup-
plementary Fig. S6B), and were further validated by immunofluorescence
analysis (Supplementary Fig. S6C). Transcriptional activity persists pre-
dominantly in round spermatids before subsequent genome condensation
during spermatid morphogenesis, and almost all transcriptional activity is
repressed in mature sperm’’. The observed partial transcriptional repression
in elongated spermatids suggests that this spermatid cluster is not yet fully
mature, which is consistent with the physiological and positional char-
acteristics of sperm maturation in the epididymis. Enrichment analysis
showed that “sexual reproduction” and “gamete generation” were highly
enriched GO terms in all spermatid clusters, and several of these genes have
been shown to be associated with spermatogenesis, such as DDX25, PRM3,
and TEX15 (Supplementary Fig. S6D and Supplementary Data 1).
Pseudotime analysis showed that spermatid clusters overlapped
minimally in the developmental trajectory (Fig. 6A and Supplementary
Fig. S6E), indicating that they represent distinct stages during spermio-
genesis. Interestingly, pseudotime trajectory analysis partitioned the round
spermatids into two distinct states (State 1 and State 2), which converged
into a single path that eventually gave rise to elongated spermatids (Fig. 6A
and Supplementary Fig. S6E). We observed different functional features
between State 1 and State 2 round spermatids (Fig. 6B, Cand Supplementary
Data 4). Specifically, GO analysis highlighted an enrichment of terms such
as DNA repair, signaling, and gamete generation in State 1, supporting
genomic stability. In contrast, State 2 round spermatids lacked the State 1
features described above and were enriched in GO terms related to protein
synthesis, translation, and intracellular localization, suggesting preparatory
programs for the subsequent development of highly specialized spermato-
zoa. Analysis of spermatid morphogenesis via pseudotime revealed dynamic
expression of ~5018 genes (Fig. 6D) that differed between the round sper-
matids and elongated spermatid stages. Meanwhile, we identified distinct
gene cohorts that exhibited six-wave patterns, reaching peak expression
during narrow windows relatively early in round spermatid pseudotime
(DNAH3, ARG2, CHDS, and TTN; gene cohorts 2 and 1), slightly later
during spermatid development (STPG2, ZNF683, and DEFB2; gene cohorts
5 and 3), or late in elongated spermatid pseudotime (TNP2, TNP1, LDHA,
PRM3, ODFI1, and TEX54; gene cohorts 4 and 6). In addition, residual
expression of meiotic genes (RAD51 and FSIP2) in initial round spermatids
coincided with meiotic exit and progression into spermiogenesis. After-
wards, activation of genes necessary for sperm motility (DOPIB and
ACTGI), as well as post-meiotic activation of transition proteins required
for sperm DNA packaging (TNPI and TNP2) and protamine (PRM3),
becaome noticeable at the midpoint of the pseudotime developmental tra-
jectory (Fig. 6D, E). Consistent with the transcriptional results,
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Fig. 5 | Dynamic gene expression during meiosis. A Representative images of
immunofluorescence staining. Scale bars = 10 um. B Focused analysis of the cells
from clusters 4, 11, and 5 showing developmental progression throughout meiosis.
C Expression patterns of known meiotic markers projected onto the t-SNE plot. Red
indicates high expression and gray indicates low or no expression. D Pseudotime
trajectory of spermatocyte subclusters. Cells are colored according to (upper panel)

pseudotime and (lower panel) cell subclusters. E Heatmap showing the
dynamic changes of gene expression in spermatocytes along pseudotime.

The most representative GO terms in each gene cohort are noted on the right.
F, G Expression levels of representative dynamic genes among spermatocytes
ordered in pseudotime. Each dot corresponds to a single nucleus, color-coded
according to t-SNE clusters.

immunofluorescence signals for TNP2 began to appear in the post-meiotic
spermatid nuclei and increased progressively thereafter (Fig. 6F).

Sperm head shaping is a central event in sperm morphogenesis,
orchestrated by nuclear condensation. Notably, several components of this
core event related to histone-protamine substitution were abundantly

present during Tibetan sheep spermiogenesis. Histone expression peaked
and protamine expression was elevated at the stage when round spermatids
undergo morphological and biochemical changes to form elongated sper-
matids (Fig. 6D and Supplementary Fig. S6F), which is consistent with the
histone-protamine substitution occurring in early elongated spermatids but
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Fig. 6 | Dynamic gene expression during spermatid morphogenesis.

A Pseudotime trajectory of the spermatid subclusters. Cells are colored according to
cell state. B Transcriptional differences in round spermatids from different differ-
entiation states. C Box plots showing expression of the top differentially expressed
genes (state 1 vs. state 2 round spermatids) across pseudotime-defined differentia-
tion states. Plots are shown at single-nucleus resolution (each dot represents one
nucleus); nuclei were obtained from # = 2 biologically independent animals per

developmental stage. Source data are provided in Supplementary Data 7. D Heatmap
showing the dynamic changes in gene expression in spermatids along pseudotime.
The most representative GO terms in each gene cohort are noted on the right.

E Expression levels of representative dynamic genes among spermatids ordered in
pseudotime. Each dot corresponds to a single nucleus and is color-coded by the cell
state of the trajectory analysis. F Representative images of immunofluorescence
staining. Scale bars = 10 um.
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not in round spermatids. In addition, genes responsible for encoding second
messenger enzymes, kinases, and ion channels associated with sperm
motility were expressed throughout the sperm morphogenesis stages
(Fig. 6D), ensuring the normal physiological function of spermatids at
different stages. Taken together, these data from Tibetan sheep testis both
depict the temporal trajectory of sperm morphogenesis and reveal the
ordered activation of transcriptional waves throughout the process.

Gene dynamic expression during Sertoli cell maturation

Next, we focused on the developmental trajectory and molecular char-
acterization of Sertoli cells in Tibetan sheep. Research indicates that Sertoli
cells display distinct variations in size and marker gene expression patterns
at various stages of the spermatogenic epithelial cycle'”. To characterize the
morphological reorganization of Sertoli cell populations, as well as the
fundamental differences in transcriptome-wide functional properties
among different developmental stages, the Sertoli cells were re-clustered
(characterized by the expression of SOX9; Fig. 7A), revealing five subclusters
with distinct functional attributes (Fig. 7B and Supplementary Data 5, see
below). Our analysis identified immature Sertoli cell clusters (States 1,2, and
3, characterized by the expression of GATA4 and AMH), transition state
Sertoli cell clusters (State 4), and mature Sertoli cell clusters (State 5, char-
acterized by the expression of ABAT and AR) (Fig. 7C). Sertoli cells were
subsequently analyzed to assess their composition across various stages of
development (Supplementary Fig. S7A). Immature Sertoli cells primarily
were derived from sexually immature samples (TOM and T3M) and display
a G1/S phase bias (Supplementary Fig. S7A, B). Notably, transition-state
Sertoli cells were present across all developmental stages, and mature Sertoli
cells primarily comprised cells that develop after sexual maturation (T1Y).
This suggests that Sertoli cell populations mature progressively from early
life and reach a relatively stable state after sexual maturation.

Based on subcluster-specific up-regulated gene analysis (Supplemen-
tary Fig. S7C), we identified various characteristics of immature, transition-
state, and mature Sertoli cells, such as the expression of AR target genes
(determined by a set of 26 known AR-dependent genes, of which 7 were
repressed and 19 were induced) and ribosomal protein genes (Fig. 7D). To
better understand the differences in biological processes reflected in stage-
specific changes, further GO functional annotation revealed that, in addition
to terms typically associated with Sertoli cell function (such as extracellular
matrix component, anchoring junction, cell-cell junction, etc.), unique
terms related to functional maintenance and metabolic characterization in
three distinct cell states were also identified. For example, GO terms
including “regulation of gene expression, epigenetic,” “demethylase activ-
ity,” “methyltransferase complex,” and “glycerophospholipid biosynthetic
process” were markedly enriched in immature State 1. In contrast, GO terms
such as “germ cell development,” “exocrine system development,” “steroid
hormone receptor binding,” and “DNA metabolic process” were sig-
nificantly enriched in immature State 2. Furthermore, GO terms, such as
“cell migration,” “regulation of cell communication,” “morphogenesis of an
epithelium,” “stem cell proliferation,” “glycolytic process,” “second-mes-
senger-mediated signaling,” and “regulation of cytokine-mediated signaling
pathway”, were notably enriched in immature State 3. Collectively, these
immature Sertoli cells exhibit distinct variations in metabolism, post-
translational modifications, signaling and intercellular communication (as
indicated by transcriptional signatures). Transition-state cells lacked the
immature-state features described above and were enriched for GO terms
related to the electron transport chain, mitochondrial membrane part,
lamellipodium organization and ribosome (Supplementary Fig. S7D and
Supplementary Data 5). They exhibit higher transcription of mitochondrial
membrane proteins (e.g., NDUFB2 and TIMMS8B), mitochondrial ATPases
genes (e.g., ATP5IF] and ATP5MPL), and ribosomal proteins (e.g., RRP1B
and MRPS25) and contain a higher fraction of cells in the G2M
phase (Fig. 7D and Supplementary Fig. S7B, and Supplementary Data 5). In
mature Sertoli cells, in addition to the various processes described above,
ligase activity, microtubule-based process, vacuolar transport, autophago-
some assembly, and activation of innate immune response were significantly

» «

enriched (Supplementary Fig. S7D and Supplementary Data 5). This sug-
gests that the primary roles of mature Sertoli cells are to protect germ cells
from immunological destruction, coordinate intercellular information
exchange, phagocytose senescent or dead germ cells and cellular debris, and
maintain a stable microenvironment for spermatogenesis to proceed
smoothly.

An unexpected finding is the presence of marker genes associated
with sperm-specific nucleus protein (e.g., TNP1/2, PRM3) as well as a
large number of genes/terms related to cilia in both transition-state and
mature Sertoli cells (Supplementary Fig. S7E, F and Supplementary
Data 5). One possible explanation is that these mRNAs in the cytoplasm
of Sertoli cells originate from phagocytosed germ cells or residual
bodies'’. The persistence of transition nucleus protein- and protamine-
related genes in the Sertoli cell nuclei is surprising because, according to
the conventional view, mRNA derived from phagocytosed germ cells or
residual bodies should be degraded rapidly by lysosomes. Immuno-
fluorescence validation showed varying degrees of positive signals for
TNP1/2 protein in spermatids at almost all stages of the seminiferous
tubule cycle, whereas no positive signal was detected in Sertoli cells
(Fig. 6F and Supplementary Fig. S6C). This observation aligns with the
hypothesis that TNP1/2 transcripts are not actively transcribed in Sertoli
cells. These genes in the Sertoli cell nuclei suggest that there may be
protective retention mechanism that is not fully understood, or that these
genes perform important previously unrecognized functions in specific
physiological processes, thus avoiding the expected fate of degradation.
While the predominant explanation involves phagocytic uptake, the
functional implications of transiently retained germ cell transcripts in
Sertoli cells warrant further investigation. For instance, residual mRNAs
may influence Sertoli cell signaling during niche remodeling”®, though
direct evidence in this context remains limited. Future studies integrating
spatial transcriptomics and lysosomal activity profiling could clarify
whether these transcripts serve as transient signaling molecules or are
merely degradation intermediates.

We next examined Sertoli cell transcriptomic dynamics along pseu-
dotime and visualized the distribution of cells from each developmental
stage along the inferred trajectory (Fig. 7E, F). Analysis of Sertoli cell
maturation via pseudotime identified dynamic expression in about ~5790
genes that vary across the immature, transitional, and mature stages
(Fig. 7G). As anticipated, genes related to the cytoskeleton, extracellular
matrix, microtubules, and cellular morphogenesis are increasingly expres-
sed during Sertoli cell maturation (Fig. 7G). Notably, many innate immunity
genes, including the B-defensin genes, are upregulated during Sertoli cell
maturation (Fig. 7G, H), which supports the important function of Sertoli
cells in defending the testes from external stimuli, especially after sexual
maturation. Overall, our data characterize the diverse states of Sertoli cells in
Tibetan sheep postnatal testes and reveal differences in gene regulation
underlying these cell states.

Construction of cellular communication networks in the testi-
cular microenvironment

Intercellular communication is usually characterized by the binding of
ligands to receptors and the activation of downstream signaling path-
ways. To investigate the complex signaling network and its dynamics in
the testicular microenvironment, we integrated the ligand-receptor pairs
from the CellPhoneDB and CellChat databases, followed by performing
cell-cell interaction analysis using the CellChat algorithm. In total, 10,829
significant ligand-receptor pairs were detected, which were further
categorized into 57 signaling pathways (Supplementary Data 6). Also, we
constructed and quantified global signaling crosstalk atlases (Fig. 8A),
which provide both the number and the weight/strength of interactions,
uncovering complex somatic-germline interactions that support an open
niche model for the testis. SSCs and spermatocytes among germ cells
appear to engage in more potential interactions than other germ cells,
aligning with the function of the BTB, which blocks meiotic and post-
meiotic germ cells from direct communication with the interstitial
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Fig. 7 | Identification of heterogeneous Sertoli cell states during development.
A Representative images of immunofluorescence staining. Scale bars = 10 pm.

B Focused analysis (t-SNE and re-clustering) of Sertoli cell subclusters (subclusters
6,13, and 9 from Fig. 1D). C Expression patterns of known markers projected onto
the t-SNE plot. Red indicates high expression and gray indicates low or no expres-
sion. D Distinct states of Sertoli cells showed differential expression of selected key
genes. Plots are shown at single-nucleus resolution (each dot represents one
nucleus); nuclei were obtained from n = 2 biologically independent animals per
developmental stage. Source data are provided in Supplementary Data 7.

E Distribution of Sertoli cells along the pseudotime developmental trajectory.

F Focused analysis (t-SNE and re-clustering) of Sertoli cells, with cells colored by age
(top left) and cell-cycle phase (top right). Monocle pseudotime trajectories of Sertoli
cell subclusters, colored by age (lower panel). G Heatmap showing the dynamic
changes in gene expression in Sertoli cells along pseudotime. The most repre-
sentative GO terms in each gene cohort are shown on the right. H Expression levels
(vertical axis) of immune-related genes during Sertoli cell maturation. Each dot
corresponds to a single nucleus, color-coded according to t-SNE clusters.

compartment. Among somatic cells, Sertoli cells usually account for most
of the interactions with germ cells, suggesting that Sertoli cells may act as
hubs in the intercellular interaction network during spermatogenesis
(Fig. 8A and Supplementary Data 6). Furthermore, considering that

some interactions were detected at multiple developmental stages, we
also quantified the developmental stage at which each ligand-receptor
pair was detected. We found that the number of interactions varied
across different developmental stages, with unique ligand-receptor pairs
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Fig. 8 | Global testicular cell-cell communication network in Tibetan sheep.

A Global testicular intercellular communication is visualized using circle plots
showing both the quantity (left) and the weight/strength (right) of significant ligand-
receptor interactions among all testicular cell types. B The communication networks
inferred among all cell types are presented through hierarchical plots. C The
expression of ligands (red) and receptors (blue) associated with the specified sig-
naling pathways is illustrated on the t-SNE plot from Fig. 1D. D Significant ligand-
receptor interactions contribute to Sertoli-germ cell communication. The number of
detected significant interactions in both panels is indicated in the bottom left of each

plot. E Bubble plot showing ligand-receptor interactions between Sertoli cells
(source) and germ cells (target). Bubble color represents communication prob-
ability. Ligand-receptor pairs are classified into two major groups based on mode of
action: physical contact signals (cell-cell adhesion and ECM-receptor interactions)
and secreted signals. F A schematic representation of specific signaling pathways
involved in the interactions between somatic cells and germ cells in the testes of
Tibetan sheep. By Figdraw. G Representative images of immunofluorescence
staining. Scale bars = 10 pm.

present at each stage (Supplementary Fig. S8A and Supplemen-
tary Data 6).

Considering the considerable signaling differences among different cell
types, we investigated signaling pathways with high communication
strength in the testicular microenvironment in more detail to provide
insights into somatic-germline interactions. We observed that several

pathways with high inferred communication strength between somatic and
germline compartments (e.g, COLLAGEN, LAMININ, CADM) appear
qualitatively similar to those reported in other mammals (Fig. 8B and
Supplementary Data 6); however, in Tibetan sheep, the predominant sen-
ders/receivers often shift (e.g., altered somatic sources or germline targets),
suggesting species- or lineage-specific rewiring of otherwise familiar
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modules. Interestingly, these pathways have not been highlighted as central
in previous studies on testicular cell communication. In addition to physical
cell-to-cell contact, intercellular communication through secreted factors
also plays a key role in the testicular microenvironment®. In the present
study, we found that pleiotrophin (PTN) signaling was the main pathway
contributing to communication in somatic-germline interactions, with
Leydig cells occupying the center of the cell-cell communication (Fig. 8C).
Within the ACTIVIN pathway that enhances spermatogenesis, State 1
Sertoli cells are central to cell-cell communication, acting as the primary
signaling sender and receiver (Fig. 8C). We interpret these patterns as
hypothesis-generating features of Tibetan sheep rather than universal
organizational principles, pending cross-species integration and orthogonal
validation. Furthermore, proper progression of spermatogenesis also
requires an appropriate immune microenvironment created by somatic
cells. We also identified immune signaling pathways (CD46, CD30, and
MIF; Supplementary Fig. S8B).

Given that the Sertoli-germ cell communication is a key event in
guaranteeing an orderly spermatogenesis. We next focused on the
interactions between Sertoli cells (senders) and germ cells (receivers). In
State 1, State 2, State 3, State 4, and State 5, we found 438, 733, 10, 301,
and 364 interactions between Sertoli cell ligands and receptors from
other cells, respectively (Supplementary Fig. S8C). This suggests that the
way Sertoli cells interact with other testicular cells changes across
developmental states and cell types. Focusing on the interactions between
Sertoli cells (senders) and germ cells (receivers), we found that: 1) most of
the Sertoli-germ cell interactions involve physical contact signals; 2)
while State 3 Sertoli cells interact most frequently with germ cells, State 1
and State 5 Sertoli cells exhibit the highest communication probability
with germ cells; 3) most of the ligand-receptor interactions are common,
but their interaction strengths vary, and only a few are unique to specific
stages (Fig. 8D, E and Supplementary Data 6). These patterns of inter-
cellular communication in Tibetan sheep suggest that while some ligand-
receptor pairs may be used in broadly similar way to regulate comparable
stages of germ cell development, the timing of their activation and the
source of the signaling may differ. The CADMI1-NECTIN3, CADMI-
CADM1I, and CDH2-CDH2 ligand-receptor pairs show the highest
communication probability in Sertoli-germ cell communication
(Fig. 8E). Cell adhesion molecule 1 (CADMI), an immunoglobulin
superfamily member, plays an important role in cell-cell interactions,
primarily through hemophilic binding to CADM1 in neighboring cells or
heterophilic binding to other Nectin family members”. CDH2 is a
calcium-dependent adhesion glycoprotein and a component of adherens
junctions that mediate cell-cell adhesion and contribute to BTBY. Thus,
these ligand-receptor pairs in Sertoli-germ cell communication likely
support the testicular immune microenvironment and maintain BTB
integrity in Tibetan sheep’. Immunofluorescence staining for CDH2
supported this interpretation by illustrating the specific localization of
CDH2 at the Sertoli cell-germ cell junction (Fig. 8F). Furthermore,
intercellular communication analyses in Tibetan sheep testis also iden-
tified some ligand-receptor pairs not previously linked to Sertoli-germ
cell interaction (Fig. 8G). In summary, we delineate the signaling path-
ways and key Sertoli-germ cell ligand-receptor pairs that organize
somatic-germline communication in Tibetan sheep, offering insight into
spermatogenesis while treating cross-mammalian parallels as qualitative
context and interpreting differences within a species/ruminant-specific—
not universal—framework.

Discussion

The mammalian testis is a dynamic and heterogeneous organ that under-
goes significant developmental and structural transformations during
puberty, involving complex molecular regulation to achieve somatic cell
proliferation and maturation, as well as the initiation of spermatogenesis. To
date, molecular and genetic analyses of human and mouse testes at different
postnatal stages have provided valuable insights into spermatogenesis, often
serving as a reference for studies in other mammals'"*'. Nevertheless, many

studies rely on a limited number of markers to identify hypothetical
equivalent cellular states across different species, potentially overlooking
crucial functional differences. To better understand this dynamic develop-
mental process in the Tibetan sheep testis at the molecular level, we gen-
erated a comprehensive single-nucleus transcriptional atlas of testes across
four postnatal stages, revealing germ and Sertoli cell states, their tran-
scriptional regulation, and the ligand-receptor networks mediating somatic-
germline communication under long-term cold, low-oxygen conditions.
These findings not only help to dissect the molecular mechanisms under-
lying the reproductive adaptations of male Tibetan sheep but also provide a
valuable reference and conceptual framework for studying and under-
standing reproductive adaptations in other highland male domestic
animals.

At a comprehensive level, we obtained all primary germ cell types in
postnatal Tibetan sheep and reconstructed cell fate decisions and differ-
entiation trajectories with unparalleled resolution. However, interspecific
and intraspecific variations cause many marker genes to display broad
expression patterns, limiting their specificity as molecular markers for
particular cell types in the Tibetan sheep testis (Supplementary Fig. S2).
Instead, a list of tightly regulated genes along the germ cell differentiation
trajectory is needed to accurately classify cell types in Tibetan sheep. Our
data depict a dynamic progression of cellular, developmental, and metabolic
processes that aligns with well-organized germline development and is
comparable to previous primate and rodent milestone datasets.

Undifferentiated spermatogonia subpopulations demonstrate tran-
scriptional plasticity in mammalian testicular niches'”. In this study, we
systematically characterized five heterogeneous spermatogonial sub-
populations (Undiff-SPG1/2/3 and Diff-SPG1/2) by single-nucleus tran-
scriptomic profiling, with particular emphasis on delineating their
regulatory signaling pathways and metabolic determinants governing dif-
ferentiation commitment. A key finding is that MKI67 serves as a robust
biomarker for distinguishing activated SSC populations. Although undif-
ferentiated spermatogonia within the seminiferous tubules usually remain
quiescent and function as a primitive SSC reservoir”>, our data indicate that
they retain the potential to transition into an active state. This state tran-
sition is closely associated with activation of the MAPK, PI3K-Akt, and
mTOR signaling pathways”. Comparative analysis suggests evolutionary
divergence in SSC maintenance strategies: human SSCs predominantly rely
on self-renewing quiescence, whereas in mice, interconvertible SSC sub-
populations have been reported. Our data extend this paradigm to Tibetan
sheep, identifying coexisting quiescent (MKI67) and activated (MKI67")
SSC populations, corresponding to the Undiff-SPG1 and Undiff-SPG2
populations, respectively. Although it remains unclear whether transitions
between these two states are fully reversible, our data support a pre-
dominantly directional transition from Undiff-SPG1 to Undiff-SPG2. This
process may be driven by several mechanisms: 1) quiescent Undiff-SPG1
cells exhibit low proliferative activity, and their transition to an activated
state facilitates the establishment and expansion of both the SSC and pro-
genitor pools; 2) Undiff-SPG2 shows markedly increased MAPK-mTOR
pathway activity, consistent with its proliferative status; 3) this population
begins to express progenitor-associated genes such as FABP7, indicating
that it has progressively entered a differentiation trajectory.

Studies have shown that two populations of undifferentiated sperma-
togonia populations in humans and macaques cannot be strictly mapped
onto classical Aga and Apqe spermatogonia”. This suggests that these
nuclear morphological descriptions are not strictly separable at the tran-
scriptional level. Consistent with this, the bifurcated structure revealed by
pseudotime analysis suggests that the SSC pool is not functionally homo-
geneous; rather, its constituents (including Undiff-SPG1 and Undiff-SPG2)
possess dual potential for generating differentiating progeny and main-
taining self-renewal. Therefore, we believe that Undiff-SPG1 and Undift-
SPG2 do not correspond to a simple dichotomy of self-renewal versus
destined-to-differentiate cells, but rather they define transcriptionally dis-
crete states of SSCs, allowing SSCs to adjust to a dynamic niche environment
and maintain homeostatic balance in the testis. Interestingly, we found
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heterogeneity in the spatial distribution of stem cell-related genes within
SSCs; that is, the self-renewal and differentiation of SSCs are temporally
regulated through precise transcriptional programming. This finding cor-
roborates the established paradigm of predominantly quiescent SSC pools
under homeostatic conditions, where stochastic activation of a small pro-
portion drives progenitor production. Through integrative subpopulation
analysis, we propose a revised model of SSC fate regulation, wherein tran-
scriptional plasticity rather than rigid lineage commitment governs the self-
renewal-differentiation equilibrium.

During the preliminary review of all cells designated as spermato-
cytes (pre-leptotene, leptotene, zygotene, pachytene, and diplotene), we
were unable to clearly distinguish spermatocyte subtypes. Only by per-
forming reclustering could we successfully distinguish these subpopula-
tions. This refined analysis identified five distinct spermatocyte subtypes
that corresponded to spermatocyte populations previously described
histologically. However, our analyses did not distinguish between zygo-
tene and pachytene, nor did they capture features of secondary sper-
matocytes, suggesting that neither cell number nor sequencing depth was
sufficient to discern very subtle transcriptomic variations. Nevertheless,
we propose that meiotic recombination is most active during the tran-
sition from leptotene to pachytene and that meiotic progression is
characterized by chromatin-associated signatures and dynamic metabolic
changes. In addition, we characterized specific gene sets that show wave-
like expression during post-meiotic spermiogenesis.

Subsequently, we resolved finer-level heterogeneity within Sertoli
cells, delineated subtype-specific morphological remodeling and funda-
mental differences in transcriptomic functions and developmental states,
thereby elucidating the molecular and cellular events underlying Sertoli cell
maturation in Tibetan sheep. Most studies suggest that Sertoli cells
undergo two developmental stages, transitioning from immature to mature
states™”. Another study focused on pubertal Sertoli cell development and
discovered that immature Sertoli cells are partitioned into two distinct
states, which eventually merge into one mature state'’. However, the
current research identified three major subtypes of Sertoli cells. Interest-
ingly, we identified a transitional state (State 4) that persists from birth into
adulthood. At sexual maturity, Sertoli cells in State 4 proliferate vigorously,
contributing to an increase in the volume of seminiferous tubules and
preparing for structural maturation. This developmental plasticity may be
closely related to their functional adaptation in microenvironment reg-
ulation. The dynamic expression of cilia-related genes during Sertoli cell
maturation, together with the timing of BTB remodeling, further supports
this view. The transient upregulation of cilia-associated components
coincides with the establishment of a “new” BTB behind migrating pre-
leptotene/leptotene spermatocytes, and the controlled degeneration of the
“old” BTBY, implying a role for cilia-mediated sensing and communication
in coordinating niche formation. Once the testicular microenvironment is
fully established and cellular associations are stabilized, the reduced
requirement for cilia is reflected in their declining expression. Collectively,
these transcriptional changes indicate that Sertoli cells undergo at least
three distinct sequential developmental stages, and that all three states
coexist in sexually mature testes, forming a stable cellular mosaic that
preserves seminiferous tubule architecture and supports long-term
homeostasis of the spermatogenic microenvironment.

Having clarified the various cell types in the testicular microenviron-
ment, we next constructed an unbiased ligand-receptor interaction network
among different cell types, enabling quantitative inference of cell-to-cell
signaling and providing a more comprehensive view of intercellular com-
munication mechanisms. Notably, we also identified several ligand-receptor
pairs that have not been previously characterized in Sertoli-germ cell
interactions. These findings highlight potential disparities across species and
between datasets within the same species, establishing a foundation for
future functional investigations. For example, in PTN signaling, SDC2, ALK,
and PTPRZI were identified as receptors in Tibetan sheep, whereas SDC2
and NCL were identified in Mongolia sheep”. In human single-cell RNA
sequencing data, the COL1A2 ligand of the COLLAGEN signaling pathway

is primarily observed in Sertoli cells, whereas the receptor integrins a1f1,
a10B1, and a2B1 are only expressed in endothelial cells”. However, our
study also identified additional ligand-receptor pairs within this pathway
that may mediate Sertoli-germ cell interactions. Additionally, a study of
cellular communication in porcine testes showed that the ligand LAMBI
does not regulate Sertoli-germ cell interactions'*, again pointing to possible
species-specific differences. However, the specific roles and regulatory
mechanisms of these ligand-receptor pairs in Sertoli-germ cell interactions
remain unclear and warrant further investigation. Revisiting both the
known and newly identified cell-cell interactions in the testis may help to
decipher the functional heterogeneity of testicular cell populations and to
ensure the fine-tuned regulation of the testicular microenvironment
throughout spermatogenesis.

We acknowledge several limitations in the current study. First, we
primarily focus on transcriptomic profiling, supplemented by protein-level
validation of key markers. It is important to note, however, that RNA
expression does not consistently exhibit a linear correlation with protein
abundance. Additionally, while our immunofluorescence images broadly
support the compartmental distribution of key germ cell and somatic
markers, their resolution and signal quality do not permit definitive
assignment of marker expression to individual clusters defined by snRNA-
seq, especially within the undifferentiated spermatogonial compartment.
Accordingly, the immunofluorescence data should be interpreted as qua-
litative, supportive evidence that complements the transcriptome-based cell
type annotations. Second, given that sexual maturation is a gradual process,
subsequent studies with larger sample sizes may provide additional details
regarding developmental processes and cell-state transitions. Third, while
the high-altitude environment provides crucial ecological context for this
study, we did not perform direct comparative analyses with low-altitude
breeds to isolate specific mechanisms underlying hypoxia or cold adaptation
—primarily due to the lack of suitable control data. Consequently, future
comparative studies based on this atlas are needed to directly elucidate such
adaptive mechanisms. Overall, this study offers significant insights into the
molecular regulatory mechanisms governing spermatogenesis in Tibetan
sheep. Our data further strengthen the concept that spermatogenesis
requires complex interactions among multiple signaling pathways, and
these results provide the foundation for developing in vitro sheep SSC
culture systems. The downstream utilization of these data will offer a the-
oretical basis for optimizing reproductive performance in rams and provide
targets for subsequent gene function studies and molecular genetic
improvement.

Materials and methods

Tibetan sheep testis sample collection

All animal research was performed in compliance with the Guide for the
Care and Use of Laboratory Animals and received approval from the Ethics
Committee of the Laboratory Animal Centre at Gansu Agricultural Uni-
versity (Ethics No. GSAU-Eth-ASF2022-008). We also complied with all
relevant ethical regulations for animal use. Healthy Tibetan sheep at four
developmental stages, one-day-old (TOM, newborn), three-months-old
(T3M, pre-sexual maturity), one-year-old (T1Y, post-sexual maturity), and
three-years-old (T3Y, adult), were selected from the Ganjia Tibetan Sheep
Breeding Base (Xiahe, China). A total of 16 animals were included, with four
animals per age group. To robustly capture population-level transcriptomic
profiles while accounting for inter-individual variation inherent in this high-
altitude-adapted species, we incorporated biological replicates in the
snRNA-seq design. For each developmental stage, two independent pooled
samples were prepared as biological replicates, with each pool consisting of
equal amounts of testicular tissue from two randomly selected individuals
(four individuals per stage in total), and each pool was processed for nuclei
isolation, library construction, and sequencing. The experimental sheep
were humanely euthanized according to standard procedures (electrical
stunning followed by exsanguination). The left testis was rapidly collected,
and morphologically intact tissue with a uniform texture was selected for
subsequent paraffin section preparation and snRNA-seq, respectively.
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H&E and immunofluorescence staining of testicular tissue

Fresh testis tissue blocks (~1 cm?®) were fixed in 15 mL of testis tissue fixative
(Servicebio, G1121) at 4 °C for 24 h. The samples were then rinsed three
times with 1x PBS (10 min each) and processed for paraffin embedding
using standard procedures. Paraffin sections (4-5 um thick) were cut usinga
microtome (Servicebio, PM-24) and mounted onto glass slides. Before H&E
and immunofluorescence staining, tissue sections were deparaffinized twice
in xylene (15 min each) and rehydrated through a graded ethanol series
(100%, 100%, 95%, 95%, 85%, 85%, 75%, 75%, and 50%), followed by rinsing
in distilled water.

For H&E staining, sections were stained with hematoxylin followed by
eosin counterstaining (Servicebio, G1005), mounted with neutral resin
(Servicebio, WG10004160), and imaged using an upright bright-field
microscope (Nikon Eclipse E100, Nikon, Japan) equipped with a Nikon DS-
U3 imaging system (Nikon, Japan).

For immunofluorescence staining, antigen retrieval was performed by
microwave heating in EDTA buffer (pH 8.0; Servicebio, G1207). After
cooling to room temperature, sections were blocked with 5% BSA (Solarbio,
SW3015) for 30 min at room temperature and then incubated overnight at
4°C in a humidified chamber with primary antibodies. Sections were
washed three times with 1x PBS (10 min each) and incubated with corre-
sponding secondary antibodies for 1 h at room temperature in the dark; all
antibodies were listed in Supplementary Table 1. After secondary antibody
incubation, sections were washed three times with 1x PBS (10 min each).
DAPI (Servicebio, G1012) working solution was then applied to the sections
for nuclear counterstaining for 15min in the dark, followed by three
additional washes with 1x PBS (10 min each). Finally, sections were
mounted with an antifade mounting medium (Servicebio, G1401-5ML) and
protected from light before imaging. Images were acquired using a Nikon
C1 confocal microscope (Nikon, Japan).

Testis nuclei isolation for snRNA-seq

After sampling, the testes of Tibetan sheep were placed in a sterile 10 cm
disposable culture dish and rinsed twice with sterile PBS under aseptic
conditions. The epididymis, visible connective tissue, and tunica albuginea
were removed, and the tissue surface was gently blotted dry with sterile
absorbent paper. The tissue was then kept on ice and minced into ~1-2 mm?®
pieces, transferred to cryovials, snap-frozen in liquid nitrogen for 5 min, and
stored at —80°C for short-term storage. For quality control (QC), an
additional piece of tissue from the same batch and of similar size (without
mincing) was processed in parallel, snap-frozen in liquid nitrogen, and
stored at —80 °C. Before the formal experiment, the QC sample was thawed,
and total RNA was extracted for quality assessment; subsequent nuclei
isolation and library construction were performed only after confirming
that the RNA showed no obvious signs of degradation.

For nuclei isolation, frozen tissue was transferred to a pre-chilled
Dounce homogenizer and homogenized in ice-cold lysis buffer (0.25 M
sucrose, 5mM CaCl,, 3 mM MgAc,, 10 mM Tris-HCl (pH 8.0), 1 mM
DTT, 0.1 mM EDTA, 1x protease inhibitor, and 1 U/uL RiboLock RNase
inhibitor) until fully dissociated. Nuclei wash buffer (PBS supplemented
with 0.04% BSA, 0.2 U/uL RiboLock RNase inhibitor, 500 mM mannitol,
and 0.1 mM PMSF protease inhibitor) was then added, and the homo-
genate was filtered through a 70 um strainer to remove tissue debris,
yielding ~1 mL of filtrate. The filtrate was gently mixed with an equal
volume of ice-cold 50% iodixanol solution (0.16 M sucrose, 10 mM NaCl,
3 mM MgCl,, 10 mM Tris-HCI (pH 7.4), 1 U/uL RiboLock RNase inhi-
bitor, I mM DTT, and 0.1 mM PMSF protease inhibitor). A density gra-
dient was prepared in a 15-mL tube by sequentially layering 1 mL of 33%
and 2 mL of 30% ice-cold iodixanol, and the nuclei-containing sample was
carefully layered on top of the 30% fraction. Samples were centrifuged at
4°C and 10,000 x g for 20 min, and the white nuclei band at the 30-33%
interface was collected. The nuclei fraction was washed with nuclei wash
buffer and pelleted at 4 °C and 500 x g for 8 min; after repeated washing,
nuclei were resuspended and filtered through a 40 pm strainer to remove
residual debris and aggregates. Nuclei count and integrity were assessed by

trypan blue staining using a hemocytometer, and the nuclei concentration
was adjusted to 700-1200 nuclei/uL in PBS for downstream loading.

snRNA-seq library preparation and sequencing

Libraries were prepared using the Chromium Single Cell 3’ workflow (v3
chemistry) with the Chromium Single Cell 3 GEM Kit v3, Chromium
Single Cell 3/ Library Kit v3, Chromium Single Cell 3’ GEM Gel Bead Kit v3,
Chromium Chip B Single Cell Kit, and Chromium i7 Multiplex Kit (10x
Genomics, Pleasanton, CA, USA), according to the manufacturer’s
instructions. Briefly, nuclei input was optimized based on counts and the
recommended loading strategy. Nuclei were partitioned into Gel Beads-in-
Emulsions (GEM:s) for cell barcodes and UMI labeling, followed by in-GEM
reverse transcription (53 °C for 45 min; 85 °C for 5 min). After breaking
emulsions with the Recovery Agent, barcoded cDNA was purified using
Dynabeads MyOne™ SILANE (10x Genomics). cDNA was amplified (98 °C
for 3 min; 11 cycles of 98 °C for 15 s, 63 °C for 20 s,and 72 °C for 1 min; 72 °C
for 1 min) and purified using SPRIselect beads (Beckman Coulter, Brea, CA,
USA). Sequencing libraries were constructed by fragmentation/end repair
and A-tailing (32 °C for 5 min; 65 °C for 30 min), size selection, adaptor
ligation (20 °C for 15 min), and index PCR (98 °C for 45 s; 12 cycles of 98 °C
for 20's, 54 °C for 30 s, and 72 °C for 20 s; 72 °C for 1 min), each followed by
bead purification. Final libraries were quantified using the Qubit Fluo-
rometer (Thermo Fisher Scientific, Waltham, MA, USA) and assessed on an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). A
total of eight libraries were generated, with two biological replicates per
developmental stage. Paired-end sequencing (PE150) was performed on an
Nlumina NovaSeq 6000 (Illumina, San Diego, CA, USA) platform, gen-
erating >120 Gb raw data per sample.

Quantification and statistical analysis of shnRNA-seq data

Raw sequencing data were processed using Cell Ranger (v3.1.0; 10x
Genomics) for demultiplexing, initial quality control, read alignment, and
gene expression quantification. Cell Ranger first filtered low-quality bar-
codes and UMIs, and then invoked STAR to align Read 2 to a Cell Ranger
reference built from the CAU_O.aries_1.0 genome assembly (NCBI
accession GCA_017524585.1)* and the corresponding GTF annotation file
for this assembly. Cell Ranger subsequently performed barcode/UMI cor-
rection and deduplication, conducted UMI counting based on uniquely
mapped reads, and generated the feature-barcode matrix. Downstream
quality control and filtering were performed in Seurat (v3.1.1) in R™
Doublets were identified and removed using DoubletFinder® based on the
proportion of artificial nearest neighbors (pANN). Nuclei were further fil-
tered by excluding those with <200 or >5900 detected genes (nFeature_-
RNA), >10% mitochondrial transcripts (percent.mt), or >26,000 total UMI
counts (nCount_RNA).

Nucleus clustering and cell-type annotation. After retaining high-
quality nuclei and performing log-normalization, highly variable genes were
identified in Seurat (v3.1.1), and the datasets were integrated prior to
dimensionality reduction. We integrated the samples, conducted PCA for
dimensionality reduction, and applied Harmony™ for batch effect correc-
tion using a strong correction mode (theta=2, lambda=1) with con-
vergence ensured (max.iter.harmony = 10). Correction was applied over the
first 50 principal components targeting the sample batch variable (orig.i-
dent) to effectively remove technical variation while preserving biological
heterogeneity. Subsequent clustering and visualization were performed
based on the Harmony-corrected first 50 principal components. Specifi-
cally, a shared nearest neighbor (SNN) graph was constructed, and unsu-
pervised clustering was performed using the Louvain algorithm to identify
nuclear subpopulations. For two-dimensional visualization, t-distributed
stochastic neighbor embedding (t-SNE) was applied. Cluster-specific
marker genes were identified for all cell clusters using the FindAllMar-
kers function. Cell types were annotated by integrating information from
the CellMarker 2.0 database and published literature, together with the gene
expression characteristics of each cluster. Canonical markers were

Communications Biology | (2026)9:452

17


www.nature.com/commsbio

https://doi.org/10.1038/s42003-026-09729-1

Article

visualized using FeaturePlot on the t-SNE embedding and DotPlot (bubble
plot) in Seurat to support cell-type annotation.

Identification and functional enrichment of differentially
expressed genes. Differentially expressed genes among certain clusters
or samples were identified by the Wilcoxon rank sum test in Seurat”,
according to the following screening criteria: a fold change (FC) of gene
expression with a cut-off of log2FC > 0.36 for up-regulated genes or
log2FC < 0 for down-regulated genes; a P-value < 0.01; and the gene must
be present in more than 25% of the cells within the targeted sub-
population. Functional enrichment analysis of differentially expressed
genes was conducted using Gene Ontology (GO) and Kyoto Encyclo-
paedia of Genes and Genomes (KEGG) enrichment analyses. Heatmaps
and Venn diagrams were generated using the online visualization plat-
form OmicShare (https://www.omicshare.com/).

Cell cycle analysis. Gene sets for cell cycle evaluation were defined in a
previous studyss, resulting in four distinct gene sets: G1/S, S, G2/M, and
M, corresponding to different phases of the cell cycle. Based on this, we
employed the AddModuleScore function in Seurat to perform cell cycle
scoring analysis on single-cell transcriptomic data, using characteristic
gene sets for each phase. The specific workflow was as follows: first, all
genes were sorted by expression level and divided into modules; for each
phase-specific gene set, an equal number of genes were randomly
selected from the corresponding module to serve as the background set;
the difference in average expression between the target set and the
background set was calculated for each cell as the score for that phase.
The phase with the highest score was assigned as the predicted cell cycle
stage for each cell. If all phase scores were below 0, the cell was con-
sidered non-cycling.

Cell trajectory analysis. Cell differentiation trajectories were generated
using the Monocle2 (Version 2.10.1)* software tool based on cell and
gene expression matrices. Differentiation trajectories were produced
along the inferred temporal order and colored according to pseudotime,
cell state, and cell clusters. Key genes associated with developmental and
differentiation processes were identified using an FDR threshold of 1e—5,
and genes exhibiting similar expression patterns were grouped. Differ-
entially expressed genes were visualized using the “plot_pseudotime_-
heatmap” function, based on the pseudotime of cell clusters, to create a
pseudotime heatmap and a differentiation fate heatmap.

Cell-cell communication analysis. In the absence of a database for
ligand-receptor pairs specific to sheep, the integration of CellPhoneDB”
and CellChat’ was employed as a repository of ligand-receptor pairs,
utilizing the default configuration to evaluate cell-cell communication
among various cell types, using the UMI count matrix produced by Seurat
to delineate ligand-receptor pairs.

Statistics and reproducibility

Testis samples were collected from Tibetan sheep at four developmental
stages. For each stage, two independent pooled samples were prepared as
biological replicates (each pool contained equal amounts of testicular tissue
from two individuals). In the computational analysis, the statistical analysis
outlined in the specific packages was utilized; detailed procedures are pro-
vided in the Methods section.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Single-nucleus transcriptomic datasets generated in this study are available
in the Genome Sequence Archive (GSA) under accession number
PRJCA035469. Source data underlying all graphs are provided in

Supplementary Data 7. All additional data supporting the findings of this
study are provided in Supplementary Data 1-6.

Code availability
Details of publicly available software used in the study are given in the
Methods section. No custom code was used in the study.
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