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Abstract 

Background  Testes development is a fundamental process in sexual development and reproduction. The testes 
undergo dramatic structural changes during development, including the proliferation and differentiation of somatic 
cells such as Sertoli cells, Leydig cells, and myoid cells, as well as the maturation of spermatogonia. However, little 
is known about the onset of spermatogenesis and cell proliferation and maturation in the spermatogonial niche 
in large animals.

Results  We used single-cell RNA sequencing (scRNA-seq) to profile nearly 100,000 cells from Hu sheep testes 
across seven developmental stages (birth, prepuberty, puberty, and adulthood). We constructed single-cell tran-
scriptomic atlases and identified distinct spermatogonial subtypes, revealing dynamic gene expression patterns 
during spermatogenesis. Notably, we observed that two distinct Sertoli cell states converge into a mature population 
during puberty. Additionally, we identified a common prepubertal progenitor for Leydig and myoid cells, with Leydig 
cells transitioning through progenitor and immature stages before reaching maturity.

Conclusions  Our study provides a comprehensive atlas of Hu sheep testes development, revealing key insights 
into the dynamic changes and regulatory mechanisms of spermatogenesis and somatic cell maturation from birth 
to adulthood. These findings offer new perspectives on testicular development in large mammals and support future 
research on reproductive biology and breeding strategies.
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Background
The main function of the testes is to produce sperm and 
androgens. In mammals, the germ cells and somatic 
cells within the seminiferous tubules undergo a variety 
of changes during testicular development [1]. Spermat-
ogenesis involves the differentiation of adult spermato-
gonial stem cells (SSCs) into mature sperm through a 
complex developmental process regulated by the tes-
ticular niche. SSCs originate from the basal membrane 
of the seminiferous tubules and play a critical role in 
maintaining male fertility in different species [2]. In 
addition to SSCs and spermatocytes, other somatic 
cells, including Leydig cells, myoid cells, and Sertoli 
cells, are involved in spermatogenesis and constitute 
the microenvironment, or niche, of the testes, which 
is essential for regulating normal spermatogenesis [3]. 
Sertoli cells are in direct contact with germ cells and 
perform a supportive function [4]. Leydig cells, located 
in the interstitial space between the seminiferous 
tubules, primarily function to secrete androgens [5]. 
Myoid cells, which surround the seminiferous tubules, 
possess smooth muscle-like characteristics and are inti-
mately involved in spermatogenesis and the intrates-
ticular transport of immotile sperm [6].

Research on postnatal structural changes during testes 
development, including the proliferation and matura-
tion of somatic cells and the onset of spermatogenesis, 
has primarily focused on mice and humans [7–13]. In 
contrast, research on large animals, particularly sheep, 
is scarce. Specifically, there is limited knowledge about 
spermatogenesis, Sertoli cell heterogeneity, and molecu-
lar-level interactions with other cell types in sheep.

Hu sheep are a famous multiparous breed that primar-
ily lives in the eastern coastal provinces at low altitudes in 
China [14]. The testes development in Hu sheep includes 
a fetal stage, infant stage, pubertal stage (sexual matura-
tion), and adult stage. Hu sheep usually begin puberty at 
3 months of age, but spermatogenesis is not initiated at 
this stage. Sexual maturation begins at 6 months of age; 
it is at this timepoint that the production of spermatozoa 
is initiated. Hu sheep can mate at 8  months of age and 
achieve body maturity at 12 months of age [15].

scRNA-seq approaches have been applied to investi-
gate adult spermatogenesis in humans and mice. Lukas-
sen et  al. constructed the first comprehensive, unbiased 
single-cell transcriptome of mouse spermatogenesis and 
depicted the distinct single-cell transcriptional features 
of the aged mouse testes [16, 17]. Hermann et al. mapped 
the development of spermatogonia, spermatocytes, and 
spermatids in detail by comparing different types of germ 
cells in humans and mice [18]. After defining the devel-
opmental trajectory of mouse germ cells, Ernst et  al. 
focused on the reactivation of the X chromosome in the 

postmeiosis period [19]. Guo et al. analyzed the dynamic 
changes in human adolescent and adult testicular cells 
and reported two distinct cell states: immature Sertoli 
cells and progenitor cells, namely Leydig cells and myoid 
cells [11].

In this study, we used the 10 × Chromium Single Cell 
Controller (10 × Genomics) platform to perform scRNA-
seq on Hu sheep testes at 7 developmental stages from 
birth to adulthood. The workflow of the analysis is shown 
in Additional file  1: Fig. S1. Our study reveals changes 
in germline stem cells and complex modulations of the 
somatic niche in the sheep testes from birth to adult-
hood, as well as candidate factors and pathways that reg-
ulate somatic cell development. The results of this study 
reveal the complex changes that occur in the testes from 
birth to adulthood and provide technical support for 
sheep breeding research.

Results
Single‑cell transcriptomes of Hu sheep testes reveal cell 
types and marker genes
To identify the cell types and marker genes involved in 
testes development after birth in Hu sheep, we obtained 
testes tissues from Hu sheep at 0, 30, 90, 180, 270, 360, 
and 540  days after birth. To systematically investigate 
both germ cell and somatic cell development after birth, 
we prepared single-cell suspensions from these testes 
tissues and performed scRNA-seq via the 10 × Genom-
ics platform (Fig.  1A, Additional file  2). After filtering 
out poor-quality cells, 12,465, 12,849, 12,388, 10,008, 
16,827, 13,615, and 12,035 cells remained for subsequent 
analysis from samples obtained at 0, 30, 90, 180, 270, 360, 
and 540 days after birth, respectively (Additional file 3). 
Next, we clustered the cell types through uniform mani-
fold approximation and projection (UMAP) analysis and 
unbiased computational informatic analysis (Fig.  1B). 
Germline-specific markers were expressed solely in 
clusters 1–3, with cluster 1 consisting of spermatogonia 
(UTF1+), cluster 2 consisting of spermatocytes (SYCP3+), 
and cluster 3 consisting of spermatids (IZUMO1+ and 
SPEM2+). Clusters 4–8 correspond to a heterogeneous 
mixture of Sertoli cells (cluster 4; SOX9+), Leydig and 
myoid cells (cluster 5; ACTA2+ and/or MYH11+), vas-
cular smooth muscle cells (VSMs) (cluster 6; RGS5+), 
macrophages and T cells (cluster 7: CD14+ and CD3E+), 
and endothelial cells (cluster 8; VWF+) (Fig.  1C and 
Additional file 4: Fig. S2). In total, according to the gene 
expression dynamics of the marker genes, we identified 
10 clusters of cells in the Hu sheep testes, including male 
germ cells ranging from spermatogonia to spermatids 
and four types of testicular somatic cells.

The differential gene expression levels in the Hu sheep 
testes at different developmental stages were analyzed. 
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Fig. 1  Single-cell transcriptome profiling of testes in Hu sheep at different developmental stages. A Schematic illustration of the experimental 
workflow. B UMAP and clustering analysis of single-cell transcriptome data. Each dot represents a single cell in the UMAP plot. C Expression 
patterns of selected markers projected on UMAP. For each cell cluster, one cell marker is shown in the main figure, accompanied by further markers 
in Supplementary Fig. 2
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The results revealed that the number of down- and 
upregulated genes at 30  days vs. 0  days and 90  days vs. 
30 days was lower than that at the next four developmen-
tal stages (Additional file 5: Fig. S3).

Consistent with prior observations [20], our histologi-
cal examination revealed significant changes in morphol-
ogy and composition. At 90  days, spermatocytes were 
identified in the testes, whereas at 180 days, spermatids 
and sperm were observed, and the seminiferous tubule 
lumen appeared (Additional file 6: Fig. S4).

Spermatogonial proliferation and differentiation 
from birth to adulthood in Hu sheep
To investigate changes in germ cell composition after 
birth in Hu sheep, we conducted further analysis of germ 
cells following specific reclustering of initial clusters 
1–3. First, using marker genes identified in humans and 
mice, we assigned germ cells into four broad develop-
mental stages: undifferentiated spermatogonia (GFRA1+ 
and UCHL1+), differentiated spermatogonia (KIT+), 
early primary spermatocytes (ZCWPW1+), late primary 
spermatocytes (PIWIL1+), and spermatids (TEX101+ or 
PRM1+) (Fig. 2A, B).

After germ cell reclustering, we analyzed the relative 
germ cell composition at different stages of testes devel-
opment. The germ cells observed in samples taken at 
birth consisted solely of undifferentiated spermatogonia 
(Fig.  2C). Among the samples obtained at 30  days after 
birth, a high proportion of undifferentiated and differ-
entiated spermatogonia were observed. Spermatocytes 
and sperm were observed in samples obtained 90 and 
180 days after birth, respectively (Fig. 2C). Notably, sper-
matogonia were relatively rare in the samples obtained at 
0 and 30 days after birth, comprising 3.2 to 3.4% of total 
testicular cells, and the relative proportion of spermato-
gonia increased to 11.8% in the samples taken 90  days 
after birth. The germ cell composition of the samples 
obtained 180 days after birth resembled that of the adult 
samples, indicating sexual maturity (Additional file 7: Fig. 
S5A).

To further verify the developmental pattern of the 
germ cells, we performed immunofluorescence (IF) of 
Hu sheep testes obtained at the same timepoints. First, 
staining with UCHL1 revealed that undifferentiated sper-
matogonia began to appear from 0 to 540 days (Fig. 2D). 
Next, we examined the proliferation and differentiation 
of undifferentiated spermatogonia using the markers 
PCNA and KIT, respectively. We observed that the pro-
liferation of undifferentiated spermatogonia began after 
birth, and differentiation was observed at 30 days (Addi-
tional file 7: Fig. S5B and C). We also examined the pres-
ence of active meiosis using the meiotic marker SYCP3 

and observed significant levels of staining only after 
90 days (Additional file 7: Fig. S5D).

Taken together, these findings suggest that the sper-
matogonia in Hu sheep can be divided into undifferen-
tiated and differentiated spermatogonia. Differentiated 
spermatogonia were observed at 30 days, and the propor-
tion of spermatogonia was highest at 90 days and gradu-
ally stabilized in adulthood.

Pseudotime and clustering analyses reveal dynamic gene 
expression patterns during spermatogenesis
Spermatogenic cells undergo ordered and complex 
changes during spermatogenesis. We used Monocle 
for pseudotime analysis to understand the relationships 
between the different cell types. The germ cell clusters 
were arranged over pseudotime from left to right to form 
a continuous curve (Fig. 3A and B). Next, we performed 
clustering analysis of genes while fixing the order of the 
cells (columns) along the pseudotime axis, which revealed 
distinct gene cohorts (Fig. 3C and Additional file 8). The 
top 10 differentially expressed genes (DEGs) in the tes-
ticular germ cells of Hu sheep are shown in Additional 
file 9. SMC3, MIF, and PTMA were specifically expressed 
in spermatogonia; TEX101, SEC11C, and HIST1H1T 
were highly expressed in early primary spermatocytes; 
YNE2, CCDC173, and CFAP100 were highly expressed 
in late primary spermatocytes. PRESS37, C10orf120, and 
RNF151 were highly expressed in spermatids.

Gene Ontology (GO) analysis of these clusters revealed 
dynamic changes in genes during germ-cell development, 
indicating that the cellular and metabolic sequence of 
events, consistent with well-organized germline develop-
ment, occurred in these cells. The results revealed that 
the upregulated genes were expressed in spermatogonia 
and that their molecular functions were enriched in the 
cell cycle in early and late primary spermatocytes, sug-
gesting that the genes upregulated in these two cell types 
are primarily related to meiosis (Fig.  3C and Additional 
file  10). Functional enrichment analysis of genes upreg-
ulated in spermatids revealed that they were mainly 
involved in spermatogenesis (Fig. 3C).

We analyzed the changes in the expression of sev-
eral genes during spermatogenesis, as shown in Fig. 3D. 
The results indicated that UTF1, UCHL1, and TKTL1 
were expressed mainly in spermatogonia, while SYCP3, 
PIWIL1, and HELLS had higher expression levels in 
spermatocytes than in spermatids.

Identification of Sertoli cell heterogeneity and stages 
during maturation in Hu sheep
We next explored Sertoli cell development in Hu sheep. 
Clustering analysis revealed two large Sertoli clusters and 
one smaller cluster (Fig. 4A). Cell cycle analysis revealed 
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Fig. 2  Distinct phases of spermatogonial proliferation and differentiation in Hu sheep testes form birth to adulthood. A Focused UMAP 
and clustering analysis of germ cells reveals the developmental progression of spermatogenesis from birth to adulthood. B Expression patterns 
of known spermatogenic markers projected onto the UMAP plot. C Relative proportion of single cells at different spermatogenic stages 
in the analyzed samples. D IF for UCHL1+ cells in the Hu sheep testes during different developmental stages. Scale bar = 20 μm
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Fig. 3  Gene expression dynamics during spermatogenesis. A Pseudotime trajectory (Monocle analysis) of the germ cells. Cells are colored 
based on the predicted pseudotime. B Deconvolution of the Monocle pseudotime plot according to ages/donors of origin. C Heatmap showing 
the expression of differentially expressed genes across germ cell populations. Horizontal ribbons depict the identified cell types. Representative GO 
terms and P values are shown for each cell type. D IF analysis of the localization of UTF1, UCHL1, SYCP3, HELLS, and TKTL1 in Hu sheep testes
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Fig. 4  Identification of Sertoli states in Hu sheep testes. A Focused UMAP and clustering analysis of Sertoli cells, with cells colored by age. B 
Focused UMAP and reclustering analysis of Sertoli cells, with cells colored according to their cell cycle phase (G1/S/G2). C Expression patterns 
of representative markers projected onto the UMAP. D IF for AMH+, AR+, and SOX9+ cells in Hu sheep testes during different developmental stages. 
Scale bar = 50 μm



Page 8 of 17Su et al. BMC Biology           (2025) 23:78 

that the largest cluster (at right) contained cells from 
the 0 to 90-day samples and displayed a G1 phase bias, 
whereas the large cluster (at left) was composed mainly 
of cells from the 180 to 540-day samples (Fig. 4B). Mono-
cle pseudotime analysis revealed that Sertoli cells at 0 and 
30  days exist in two distinct states, termed immature 1 
and 2. Notably, a third type of Sertoli cell (mature Ser-
toli cells) was observed at 90 days (Fig. 4C and Additional 
file  11: Fig. S6A and B). IF staining for AMH, AR, and 
SOX9 confirmed the developmental process of Sertoli 
cells (Fig. 4D).

After birth, most Sertoli cells were classified as imma-
ture 1 or 2, and the ratio between the numbers of imma-
ture 1 and 2 Sertoli cells decreased with age, reaching 
the lowest point at puberty (Additional file 11: Fig. S6C). 
Mature Sertoli cells do not appear until puberty, after 
which their proportion remains stable throughout adult-
hood. Co-staining for SOX9 and PCNA revealed that 
SOX9+/PCNA+ cells could be observed in the Hu sheep 
testes at 0–90 days but not after 180 days, indicating that 
Sertoli cells have the ability to proliferate after birth but 
do not proliferate during adulthood (Additional file  11: 
Fig. S6D). Notably, these results indicate that the pro-
gressive maturation of Sertoli cells begins at an early age 
and reaches a stable state in late puberty.

Next, we analyzed the differential gene expression dur-
ing Sertoli maturation and identified genes whose expres-
sion differed between the immature and mature stages. A 
Venn diagram of the DEGs was constructed (Additional 
file  11: Fig. S6E). GO analysis revealed enrichment for 
different terms in immature 1, immature 2, and mature 
Sertoli cells (Additional file  11: Fig. S6F and Additional 
files 12 and 13). The terms enriched in immature 1 cells 
were translation, cellular response to transforming 
growth factor beta stimulus, and positive regulation of 
the apoptotic process. The terms enriched in immature 
2 cells were translation, mitotic cell cycle process, and 
sister chromatid segregation. In mature Sertoli cells, the 
enriched terms were sexual reproduction, spermatogen-
esis, and multicellular organism reproduction.

Taken together, these data reveal that Sertoli cells 
undergo consecutive developmental stages that coin-
cide with changes in their gene expression profile and 
proliferation.

Leydig and peritubular myoid cells
Reclustering of Leydig and myoid cells revealed that 
the cells expressed known markers of fetal Leydig cells 
(FLCs) and their precursors (e.g., MAFB and NR4A1; 
Fig. 5A and B), as well as heterogeneous markers typically 
associated with both adult Leydig cells (ALCs) and myoid 
cells (e.g., APOE and MYH11, respectively). Monocle 

pseudotime analysis showed that Leydig and myoid cells 
differentiated from common progenitor cells (Fig.  5C). 
Progenitor cells, FLCs, and myoid cells were observed 
from 0 to 90 days after birth. ALCs were first observed in 
samples obtained 180 days after birth and were predomi-
nant after sexual maturity, at which time the progenitor 
cell populations disappeared (Fig. 5D and E).

We next identified lineage-specific genes and pro-
grams, yielding approximately 3000 DEGs (Fig.  5F). 
Precursor cells express specific genes associated with 
transcription; as cells progress towards the myoid line-
age, oxidative phosphorylation and reproduction-related 
genes become expressed (Fig.  5F). In contrast, cells 
that progress through the Leydig lineage express genes 
involved in secretion, consistent with the known steroi-
dogenic function of these cells (Fig. 5F).

Overall, Leydig and myoid cells possess bipotential 
progenitors before puberty, and Leydig cells progress 
through progenitor and immature stages before achiev-
ing the terminally differentiated adult stage.

Signaling pathways regulating testes development
To explore germ cell–niche and niche–niche interac-
tions, we examined signaling factor relationships. We 
observed dynamic and cell type-specific expression of 
genes encoding ligands, inhibitors, receptors, and gene 
targets from multiple signaling pathways. Retinoic acid 
(RA) induces germ cell differentiation. Enzymes for RA 
synthesis, ALDH1A1 and ALDH1A3, are specifically 
expressed in Sertoli cells after birth. STRA8, an RA tar-
get gene, is expressed in spermatogonia and is involved in 
the spermatogonia-to-spermatocyte transition (Fig. 6A). 
Interestingly, the WNT ligand WNT2B was expressed in 
Leydig cells, whereas the WNT2B receptor (FZD3) was 
confined to spermatogonia and early and late primary 
spermatocytes, suggesting a role for WNT2B in spermat-
ogonial differentiation and meiosis in Hu sheep (Fig. 6B). 
FGF9 was expressed in spermatid cells, and its receptors 
FGFR1 and FGFR2 were expressed in spermatogonia, 
indicating that FGF signaling activity in Hu sheep testes 
persists through adulthood (Fig.  6C). We observed that 
Sertoli and Leydig cells expressed high levels of INHA, 
INHBB, and INHBA in samples obtained after 90  days, 
which led to increased activin and decreased inhibin 
activity in adulthood. We observed that activin receptors 
(ACVR1B and BMPR1B) are expressed in spermatogo-
nia, whereas key inhibitors of activin signaling (FST and 
BAMBI) are specifically expressed in undifferentiated 
spermatogonia. These results indicate that the activin 
pathway is selectively inhibited in slowly self-renewing 
and undifferentiated spermatogonia but is active in pro-
liferating and differentiated spermatogonia (Fig. 6D).
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Fig. 5  Leydig and peritubular myoid cells in Hu sheep testes. A Focused UMAP and clustering analysis of the Leydig cells. B Expression patterns 
of representative markers projected onto the UMAP. C UMAP and clustering analysis of single-cell transcriptome data from Leydig cells of Hu sheep 
testes at different developmental stages. D Relative proportions of four Leydig cell subtypes in the testes of Hu sheep at different developmental 
stages. E Heatmap of 100 genes that exhibited dramatic changes in gene expression along the Leydig and myoid cell lineages. Representative GO 
terms and P values are shown for each cell type
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Fig. 6  Overview of the key signaling pathways regulating testes development. Relative expression levels of representative genes from RA, activin/
inhibin, FGF, and WNT pathways projected onto the UMAP
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Discussion
The testes are vital male reproductive organs with three 
functional cell classes: spermatogonia, spermatogenic 
cells, and supportive somatic cells [21]. Testicular devel-
opment is driven by well-ordered and sequential changes 
in gene regulation and cellular organization, with the 
aim of maintaining a pool of cells that are able to give 
rise to male gametes throughout the male lifetime [22, 
23]. However, little is known about the development of 
testicular cell lineages from the newborn to adult stage 
in sheep. Recently, scRNA-seq techniques have been 
applied to analyze spermatogenesis [18, 21, 24, 25]. Here, 
we aimed to provide foundational scRNA-seq data of all 
cells contained in the Hu sheep testes from birth to adult-
hood, complemented by computational analysis and vali-
dation studies, to offer new insights into the regulation of 
male gametogenesis.

At a broad level, we investigated the heterogeneity of 
Hu sheep testicular tissue and identified characteris-
tic genes with expression specific to each cluster, which 
enabled us to deduce the corresponding cell types. Then, 
by analyzing 100,000 cells collected at time points from 
birth to adulthood, we identified the main germ cell types 
and somatic cell types in the sheep testes. Our study not 
only clarified the cell types in Hu sheep testicular tissue 
from birth to adulthood, but also revealed the dynamics 
of gene expression during spermatogenesis.

While the initial analysis of all the cells identified sper-
matogonial cells, it did not clearly distinguish the sper-
matogonial subtypes. However, by focused reclustering of 
spermatogonial cells and the use of marker genes defined 
in humans and mice, we were able to resolve undifferen-
tiated and differentiated spermatogonia. Previous stud-
ies have defined four subtypes of spermatogonia in the 
mouse testes: undifferentiated spermatogonia (spermat-
ogonia1, or SPG1) and three subtypes of differentiated 
spermatogonia (SPG2–4) [13]. In contrast to those in 
mice, spermatogonia in humans divide to form undiffer-
entiated spermatogonia (SSC-1 and SSC-2), early differ-
entiating (diff) SPG (early diff-SPG), and diff-SPG [7]. In 
this study, we show for the first time that sheep testicu-
lar spermatogonia can be divided into undifferentiated 
and differentiated spermatogonia. We observed a large 
increase in the proportion of spermatogonia from 3.2% at 
0 day to 12.3% at 180 days and stabilization of this pro-
portion thereafter. A similar increase has been previously 
documented in IF studies examining the relative number 
of undifferentiated spermatogonia [26, 27]. Notably, dif-
ferentiated spermatogonia in Hu sheep testes appeared 
before tubule morphogenesis (that is, the appearance of 
a defined basal lamina and lumen), which is consistent 
with previous findings in pigs [27].

Previous studies usually classified Sertoli cells into 
two developmental stages: the immature stage and the 
mature stage [28, 29]. A recent scRNA-seq study on the 
testes before and after puberty proposed that there are 
two immature Sertoli cell states that eventually converge 
into a single mature state [28]. However, in this study, 
we observed a new phenomenon: with increasing age, 
the ratio between Immature Sertoli_1 and Immature 
Sertoli_2 cells decreases significantly, which indicates a 
dynamic transition in the process of Sertoli cell matura-
tion. Through Venn diagram analysis, we identified 709 
genes that are specifically expressed in Immature Ser-
toli_2 cells at 0, 30, and 90 days. The expression of these 
genes at early stages suggests they may play a crucial role 
during the neonatal period, influencing the determi-
nation and expansion of the Sertoli cell population and 
laying the groundwork for subsequent testicular func-
tional maturation. We performed differential expression 
and GO enrichment analyses on these genes, confirming 
their involvement in several key biological processes. The 
enrichment in translation indicates that these genes are 
involved in protein synthesis, which is essential for the 
development of Sertoli cells. Their association with cell 
cycle processes (such as mitotic cell cycle and sister chro-
matid separation) demonstrates their role in cell division, 
potentially promoting the proliferation of Immature Ser-
toli_2 cells. Furthermore, their enrichment in the nega-
tive regulation of the cell cycle implies that they may be 
part of a regulatory mechanism that facilitates the tran-
sition from an immature to a mature state by halting or 
slowing down cell division as Sertoli cells mature. These 
findings are consistent with the functional changes 
of Sertoli cells across different developmental stages. 
Around puberty, Sertoli cells transition from a prolifera-
tive state to a mature state, and dynamic changes in gene 
expression during this process are critical for maintaining 
normal spermatogenesis. Around puberty, mature Sertoli 
cells are predominant, and their numbers become fixed 
and unmodifiable, a finding that is consistent with prior 
work [30, 31]. Our results also revealed that the specific 
marker genes of immature 1 and immature 2 differ. It is 
generally accepted that Sertoli cells proliferate during the 
fetal and neonatal periods but not after puberty. How-
ever, some research has shown either a residual capacity 
of adult Sertoli cells to proliferate or the long-term pres-
ence of some Sertoli cell precursors in the testes of adult 
seasonal breeders [31–33]. Our results demonstrate the 
persistence of Sertoli cell precursors and their ability to 
divide in sheep testes, consistent with previous findings 
in other species. The number of mature Sertoli cells may 
be maintained through progenitor cell division after the 
loss of proliferation ability.
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At least two distinct Leydig cell populations emerge in 
sequence in the mammalian testes: FLCs and ALCs in 
the fetal and adult testes, respectively [34]. Importantly, 
the fate of FLCs in the postnatal period is the subject 
of debate. Cell lineage tracing analysis has shown that 
FLCs persist in the testes after birth, at least in mice [35]. 
Our results indicate that one type of Leydig cell is pre-
sent in the Hu sheep testes after birth and is replaced by 
another type of Leydig cell after sexual maturity. We pre-
sume that the Leydig cells observed after birth are FLCs, 
while those observed after sexual maturity are ALCs. 
Our results confirmed that, similar to the case in mice, 
FLC numbers peak at birth, gradually decline and sub-
sequently disappear during prepubertal life in Hu sheep. 
During pubertal testicular maturation, a second popula-
tion, known as ALCs, differentiate and colonize the tes-
ticular interstitium to support male fertility throughout 
adulthood [36–38]. Analysis of Leydig and myoid cells 
revealed that these two types of cells differentiate from 
common progenitor cells, as also reported by Yu et al. in 
2021. Furthermore, our results revealed that myoid cells, 
fetal Leydig cells, and precursors were present in the Hu 
sheep testes after birth. Previous studies have suggested 
that the ALCs population is derived not from the prolif-
eration/differentiation of fetal Leydig cells present in the 
neonatal testes but from mesenchymal-like cells [39]. In 
this study of Hu sheep, the precursor cell type after birth 
may have been mesenchymal-like cells, which were sub-
sequently transformed into ALCs, while the FLCs gradu-
ally disappeared with testes development.

Spermatogenesis is a complex process that is controlled 
by interactions between germ cells and somatic cells. To 
date, several signaling pathways have been found to be 
closely related to spermatogenesis in humans and mice 
[40–45]. We found that the RA pathway plays an impor-
tant role in the transport of spermatogonia to spermat-
ocytes after birth in Hu sheep, the WNT and activin/
inhibin pathways begin to play a role before puberty, 
and the FGF pathway begins to play a role after sexual 
maturity. In general, different signaling pathways syner-
gistically affect testicular development at different devel-
opmental stages.

Previous studies used scRNA-seq to study spermato-
genesis in the testes of 1.5-year-old Hu sheep and identi-
fied five types of germ cells (early primary spermatocytes, 
late primary spermatocytes, round spermatids, elongated 
spermatids, and sperm) and two types of somatic cells 
(Sertoli cells and Leydig cells), but no spermatogonial 
cells were identified [46]. Wu et al. used the scRNA-seq 
technology to study Hu sheep testes at pre-sexual matu-
rity stage (3  month old) [22]. Five male germ cell types 
(including two types of undifferentiated spermatogo-
nia (Apale and Adark), primary spermatocytes, secondary 

spermatocytes, and sperm cells) and nine testicular 
somatic cell types (Sertoli cells, myoid cells, monocytes, 
macrophages, Leydig cells, dendritic cells, endothe-
lial cells, smooth muscle cells, and leukocytes) were 
observed. Apale and Adark were found to be two distinct 
states of undifferentiated spermatogonia. In our study, 
we used scRNA-seq to construct a comprehensive tran-
scriptional atlas of testes development at seven different 
developmental stages of Hu sheep from birth to adult-
hood. Seven testicular somatic cell types (Sertoli cells, 
myoid cells, macrophages, Leydig cells, endothelial cells, 
VSM, and T cells) and five germ cell types were clustered, 
and the marker genes of each type were also identified in 
Hu sheep testes. At birth, the germ cells are undifferenti-
ated spermatogonia. By 30  days, differentiated spermat-
ogonia can be observed. At 90  days, spermatocytes can 
be observed. Finally, at 180 days, a large number of sper-
matids emerge in the seminiferous tubules. Sertoli cells 
exhibit two distinct states before converging to a mature 
population during puberty, and that we identified a com-
mon progenitor for Leydig and myoid cells, with Leydig 
cells undergoing phased transition through progenitor 
and immature stages before reaching the terminally dif-
ferentiated adult stage. The dynamic transcription map 
of Hu sheep testes provides a variety of insights into the 
developmental changes, the key factors and signaling 
pathways at different developmental stages of Hu sheep 
testes.

Our research is based on scRNA-seq data of testicular 
cells collected before and after puberty. Although this 
type of data source provides a wealth of information, it 
has certain limitations, as it may not fully represent all 
possible states of testicular cells or different genetic back-
grounds, and this may affect our understanding of gene 
expression changes during the development of testicu-
lar cells. In addition, during the scRNA-seq process, we 
face several limitations, including insufficient sequencing 
depth, which may fail to capture low-abundance tran-
scripts, thereby leading to an incomplete presentation 
of the transcriptome. The clustering algorithms that we 
use to distinguish different types of testicular cells are 
based on certain assumptions about data distribution, 
which may not fully correspond to actual biological dif-
ferences, potentially leading to misclassification of cell 
states and thereby affecting the accurate understand-
ing of cellular heterogeneity within the testis. Although 
strict statistical methods were used in the differential 
gene expression analysis, there is always the risk of false 
positives, i.e., some genes may be incorrectly identified as 
differentially expressed, which in turn affects the inter-
pretation of gene functions and biological processes. To 
address these issues, future improvements may include 
increasing sequencing depth, employing advanced library 
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preparation techniques for a more comprehensive tran-
scriptome, applying normalization methods that account 
for PCR bias to enhance the accuracy of gene expression 
quantification, exploring more robust clustering algo-
rithms based on biological information, and implement-
ing multiple statistical tests and validation methods in 
differential gene expression analysis. By integrating these 
improvement measures and continuously optimizing 
experimental procedures and analytical methods, we aim 
to enhance our understanding of testicular cell develop-
ment. We also hope to provide more reliable data and 
conclusions for research in related fields.

In-depth study of the molecular mechanisms regulat-
ing sheep testicular development and spermatogenesis 
can accurately identify the major genes and signaling 
pathways that affect the spermatogenesis and thus fertil-
ity of sheep. Molecular breeding methods such as gene 
modification, gene knockout, and other genetic engineer-
ing technologies can be adopted to improve the fertility 
of offspring in the process of sheep breeding or variety 
improvement.

Conclusions
In conclusion, our comprehensive, whole-transcriptome 
scRNA-seq analyses revealed the major cell types in the 
sheep testes and the processes underlying their matu-
ration. Our findings not only offer valuable knowledge 
concerning testicular development in mammals but also 
pave the way for understanding germ cell development 
and germ cell‒niche communication.

Methods
Hu sheep husbandry and testes isolation
The experiments performed in this study were approved 
by the Animal Care and Use Committee of Inner Mon-
golia Agricultural University (License No. IMGND, 
2020–0017). Hu sheep were housed and fed at Aowoteke 
Animal Husbandry Technology Co., Ltd., Chifeng, China. 
Prior to sampling, the Hu sheep were fasted for 12 h in 
order to minimize discomfort during the collection of 
testes. On days 0, 30, 90, 180, 270, 360, and 540, procaine 
hydrochloride injections were administered around the 
testes of the Hu sheep at dosages of 1 mL, 2 mL, 4 mL, 
6 mL, 8 mL, 10 mL, and 12 mL, respectively. Three Hu 
sheep were selected for castration at each of these seven 
time points. Fresh testes were collected, washed with 
Dulbecco’s phosphate-buffered saline (DPBS). The tissues 
were stored on ice and transported to the research labo-
ratory within 40  min of removal. The tunica albuginea 
was dissected from each testis, and the entire testis was 
divided into smaller segments for subsequent processing.

Histological analysis
Samples of sheep testis tissue (1 cm3) were collected, 
washed with DPBS to remove any external contaminants. 
Subsequently, they were fixed with 4% paraformaldehyde 
(PFA) for precisely 24 h at room temperature. After that, 
the samples underwent dehydration using a series of gra-
dient alcohol concentrations (e.g., 70%, 80%, 90%, and 
100%) to gradually remove water. Next, they were made 
transparent with xylene, a common clearing agent. Fol-
lowing this, the samples were immersed in melted paraf-
fin at an appropriate temperature to infiltrate the tissue. 
Finally, the samples were embedded in paraffin blocks 
for sectioning. Four- to six-micron-thick sections were 
cut and stained with hematoxylin and eosin for histologi-
cal analysis. The testis morphology was observed via a 
microscope (Nikon).

Immunostaining of testicular tissues
Sections were deparaffinized with xylene and rehydrated 
through an ethanol series (100%, 95%, 70%, 50%, water). 
They were then incubated in sodium citrate buffer (pH 
6.0, 98 °C) for 30 min for antigen retrieval. Tissues were 
blocked with 5% normal donkey serum and incubated 
with primary antibodies (Additional file  14) overnight 
at 4  °C. The specificity of antibodies (UTF1, UCHL1, 
SYCP3, PIWIL4, TKTL1, HELLS, SOX9, AR, and AMH) 
was confirmed through peptide blocking assays (Addi-
tional file 9). The antibody alone, as well as the mixture 
of blocking peptide and the primary antibody (1:20 mass 
ratio), was used for comparison. The next day, sections 
were washed with DPBS and incubated with secondary 
antibodies for 2  h at room temperature. For IF, Alexa 
Fluor 555-conjugated goat anti-rabbit IgG H&L (1:200 
dilution, BS-0295G-AF555; Bioss, China, Beijing) and 
goat anti-rabbit IgG H&L/FITC antibody (1:200 dilu-
tion, bs-0295G-FITC; Bioss, China, Beijing) were used. 
Sections were counterstained with DAPI for 10  min 
and using a confocal laser microscope (LSM, Zeiss, 
Oberkochen, Germany). The specificity of the primary 
antibodies was confirmed through peptide blocking 
assays (Additional file 15: Fig. S7).

Testes sample preparation for scRNA‑seq
The testes were washed four times in DPBS (Gibco, 
Waltham, MA, USA), and the white testicular membrane 
tissues were removed. A 1-cm3 piece of testicular tissue 
was cut, washed five times with DPBS, and then placed 
in a 1.5-mL centrifuge tube. The cleaned tissue samples 
were then digested in dissociation buffer containing 
10 mg/mL collagenase IV for 10 min at 37  °C with gen-
tle agitation, and the tubules were sedimented by cen-
trifugation at 1200  rpm for 5  min. The precipitate was 
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subsequently digested in 10  mL of medium containing 
5  mL of 500  µg/mL DNase and 5  mL of 0.25% trypsin/
ethylenediaminetetraacetic acid (EDTA) for 15  min at 
37 °C with vigorous mixing. The digestion was then ter-
minated by adding fetal bovine serum. The cell suspen-
sion was mixed to homogeneity and then filtered through 
40-μm screens successively. The filtrate was collected 
and centrifuged at 300 × g at 4  °C for 5  min. After the 
supernatant was discarded, the cells were resuspended 
in DPBS. A total of 10 μL of cell suspension and 10 μL 
of acridine orange/propidium iodide (AO/PI) were added 
to a new RNase-free centrifuge tube and gently mixed. 
Then, 20 μL of this solution was added to a Countstar® 
cell counting plate and analyzed using a Countstar® Rigel 
S2 cell analyzer to record the cell concentration and via-
bility. Cells with a viability > 90% were adjusted to 1000 
cells/μL for a scRNA-seq.

10 × Genomics scRNA‑seq 
The scRNA-seq libraries were prepared using a Sin-
gle Cell 3’ Library Gel Bead Kit V2 (10 × Genomics, 
120237) following the manufacturer’s instructions. In 
brief, single cells were loaded onto a 10 × Genomics 
to generate single-cell gel beads in emulsion (GEMs) 
using the Single Cell 3’ Library and Gel Bead Kit V2 
(10 × Genomics, 120237). Captured cells were lysed and 
subjected to RNA barcoding through reverse transcrip-
tion in individual GEMs. Barcoded cDNAs were pooled 
and cleaned using beads (Invitrogen, 37002D). Paired-
end sequencing (150 bp) was performed on an Illumina 
HiSeq X Ten instrument.

Sequencing data processing
Raw gene expression matrices were generated for each 
sample via the Cell Ranger (v6.1.2) pipeline coupled 
with the Ovis aries reference Oar_rambouillet_v1.0. 
The output filtered gene expression matrices were 
analyzed in R software (version 4.3.1) with the Seurat 
package (version 4.3.0.1). A custom R script was used 
to combine the expression data and metadata from 
all the libraries corresponding to a single batch. The 
expression data matrix was then loaded into a Seu-
rat object along with the library metadata for down-
stream processing. The percentage of mitochondrial 
transcripts for each cell (percent.mt) was calculated 
and added as metadata to the Seurat object. The cells 
were further filtered before dimensionality reduction 
according to the following parameters: nFeature_RNA-
min. 500; percent.mt-max. 20%. The expression values 
were then scaled to 10,000 transcripts per cell and log-
transformed (NormalizeData function, normalization.
method = “LogNormalize”, scale.factor = 10,000). We 

calculated the variable features via the FindVariableFea-
tures function with selection.method = “vst” and nfea-
tures = 2000. The effects of variables (percent.mt) were 
estimated and regressed out using the ScaleData func-
tion (vars.to.regress = “percent.mt”), and the scaled and 
centered residuals were used for dimensionality reduc-
tion and clustering. The code and scripts used for the 
analysis are provided in the supplementary files.

Dimensionality reduction
To reduce the dimensionality of the dataset, the Run-
PCA function was used with default parameters on 
the linear-transformation scaled data generated by the 
ScaleData function. To allow the combination of cells 
from different samples, we used the RunHarmony (Har-
mony2, v0.1.1) function to correct for batch effects. The 
ElbowPlot function was used to determine the appro-
priate number of dimensions for the dataset (first 30 
PCs).

Cell clustering and cluster identification
We applied the FindNeighbors function prior to cluster-
ing; this function takes as input the previously defined 
dimensionality of the dataset (first 30 PCs). Clustering 
was performed using the FindClusters function with 
a resolution parameter of 0.3. After nonlinear dimen-
sional reduction, all the cells were projected into two-
dimensional space via UMAP. Clusters were assigned 
preliminary identities on the basis of the expression 
of combinations of known marker genes of major cell 
classes and types.

Cell cycle analysis
We performed cell cycle analysis via the “CellCycleScor-
ing” function in Seurat. Scores were assigned to cells on 
the basis of the expression of genes associated with the 
G1, S, or G2/M phase. The quantification of cells in each 
phase was performed via the “Prop.table” function.

Differentially expressed gene (DEG) identification
Differentially expressed genes were identified using the 
FindAllMarkers function in Seurat with parameter only.
pos = TRUE. DEGs were filtered using a maximal P value 
of 0.05.

Pseudotime analysis by Monocle
Trajectory inference was performed using Monocle 
version 2.28.0 with the parameters recommended by 
the developers. First, the raw count data from the Seu-
rat object were converted to a CellDataSet object via 
the newCellDataSet function in Monocle. Second, the 
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differentialGeneTest function (cut-off of q < 0.01) was 
applied to identify variable genes, and then the top 5000 
most significant genes were set as the ordering genes via 
the setOrderingFilter function. Finally, we used the redu-
ceDimension function (reduction_method = “DDRTree”) 
to reduce the space to two dimensions. The visualization 
function plot_cell_trajectory function was applied to the 
ordered cells to plot each group along the same pseudo-
time trajectory.

Enrichment analysis
DEGs were sorted based on their average log2 fold 
change (avg_log2FC). We selected the top 100 clus-
ter DEGs from each cluster for GO and KEGG enrich-
ment analysis. The enrichment analysis was conducted 
using the clusterProfiler R package (version 4.8.1). For 
the enrichment analysis of DEGs between groups, we 
selected DEGs with P value < 0.05, avg_log2FC > log2(1.5), 
and a percentage of cells expressing the gene in at least 
one group (pct.1) > 0.25.

Statistical analysis
A nonparametric Wilcoxon rank sum test was used to 
analyze the differential gene expression between the two 
groups. All statistical analyses were performed in R or 
GraphPad Prism (version 8.0). Results were considered 
statistically significant at P < 0.05.
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