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Introduction
Bulls are undeniably crucial in genetic enhancement 
within the realm of cattle breeding, as their fertility and 
reproductive capabilities significantly influence the prof-
itability of the cattle industry [2, 47]. The testis of cattle, 
a pivotal reproductive organ, plays essential roles in the 
process of sperm production. Spermatogenesis, a com-
plex process, requires coordination among different types 
of testicular cells, which can be classified into three pri-
mary stages: proliferation, meiosis, and differentiation 
[43]. Certain spermatogonia stem cells (SSCs) undergo 
mitosis to maintain the population in the proliferative 
phase, while others progress to the meiotic phase, where 
spermatocytes undergo two rounds of cell division [23]. 
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Abstract
Spermatogonial stem cells (SSCs) form haploid gametes through the precisely regulated process of 
spermatogenesis. Within the testis, SSCs undergo self-renewal through mitosis, differentiation, and then enter 
meiosis to generate mature spermatids. This study utilized single-cell RNA sequencing on 26,888 testicular cells 
obtained from five Holstein bull testes, revealing the presence of five distinct germ cell types and eight somatic 
cell types in cattle testes. Gene expression profiling and enrichment analysis were utilized to uncover the varied 
functional roles of different cell types involved in cattle spermatogenesis. Additionally, unique gene markers specific 
to each testicular cell type were identified. Moreover, differentially expressed genes in spermatogonia exhibited 
notable enrichment in GO terms and KEGG pathway linked to alternative splicing. Notably, our study has shown 
that the activity of the YY1 regulation displays distinct expression patterns in spermatogonia, specifically targeting 
spliceosome proteins including RBM39, HNRNPA2B1, HNRNPH3, CPSF1, PCBP1, SRRM1, and SRRM2, which play 
essential roles in mRNA splicing. These results emphasize the importance of mRNA processing in spermatogonia 
within cattle testes, providing a basis for further investigation into their involvement in spermatogonial 
development.
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In the process of differentiation, the spermatids produced 
during meiosis undergo a complex series of changes to 
mature into functional sperm cells, involving the forma-
tion of the acrosome, development of the flagellum, and 
elimination of excess cytoplasm [10, 53]. However, our 
comprehension of the cellular composition and underly-
ing biology of the bovine testis remains limited.

While traditional bulk analysis methods have provided 
valuable insights, they often mask the inherent cellu-
lar heterogeneity present in tissues such as the testis, 
thus limiting the ability to capture the nuanced dynam-
ics of individual cell types. In contrast, the emergence 
of 10× Genomics single-cell RNA sequencing (scRNA-
seq) technology in recent years has proven to be a robust 
tool for revealing the diversity of cell populations and 
elucidating the biological functions within complex tis-
sues [4, 20, 22]. Through the application of scRNA-seq, 
researchers have effectively elucidated the cellular com-
position and heterogeneity, as well as unraveled the 
dynamic process of spermatogenesis in testes of human, 
mouse, macaque, porcine, and sheep [15, 30, 31, 54, 55]. 
Furthermore, the identification of conserved and diver-
gent molecular markers and cell states of mammalian 
spermatogenesis has been achieved through scRNA-seq 
analysis of testes from human, macaque, and mouse [44]. 
Despite the recent advancements in scRNA-seq research 
spanning various tissues and organisms, there is a notice-
able dearth of comprehensive single-cell studies focusing 
on cattle testes.

Alternative splicing (AS) is known to have signifi-
cant implications in tissue development and the patho-
genesis of human diseases. It has been reported that 
approximately one-third of genetic disorders are linked 
to abnormal splicing events [33]. Recent research has 
highlighted the intricate nature of AS in testicular and 
brain tissues, with a particularly high level of AS regula-
tion observed in testicular development, crucial for the 
intricate development of this organ [26, 34]. The regula-
tion of pre-mRNA selective splicing plays a critical role 
in the development of testicular germ cells [40]. Specifi-
cally, the targeted deletion of the splicing factor Bud31 
in reproductive cells results in aberrant self-renewal 
and differentiation of mouse spermatogonial stem cells, 
improper initiation of meiosis, and ultimately, male infer-
tility [36]. UHRF1, SRSF1, and SRSF10 are involved in 
maintaining the homeostasis and functionality of sper-
matogonial cells through the regulation of mRNA AS [28, 
56]. Additionally, many RNA splicing proteins exhibit 
higher expression in type A spermatogonia and prelep-
totene spermatocytes [14, 42]. Researchers have also uti-
lized scRNA-seq technology to analyze testicular tissue, 
revealing significant enrichment of Gene Ontology terms 
related to mRNA splicing and processing in spermatogo-
nial cells [16].

In our research, we characterized 13 distinct popula-
tions of germ and somatic cell types within bull testes 
through the analysis of approximately 27,000 single-cell 
RNA sequencing data sets obtained from the testes of 
five adult bulls. By delineating the unique characteris-
tics and gene expression patterns of each cell type, we 
elucidated crucial regulatory elements and signaling 
pathways, providing insight into the intricate cellular 
processes underlying cattle testicular function. Addition-
ally, we observed a notable enrichment of genes involved 
in alternative splicing within spermatogonia, highlighting 
their significance in this biological process. Furthermore, 
our research has shown that the YY1 regulon displays 
distinct expression profiles in spermatogonia, particu-
larly targeting spliceosome proteins essential for mRNA 
splicing. This investigation not only advances our knowl-
edge of cattle testicular biology but also has implications 
for the development of targeted interventions to improve 
fertility in livestock.

Materials and methods
Animal samples
Five adult testes from Chinese Holstein cows were 
sourced from the bull station located in Jinan City, Shan-
dong Province, China. The cattle testicular tissues were 
promptly removed and transported to the laboratory on 
ice in Hanks Balanced Salt Solution (HBSS) within a two-
hour timeframe. Each testis was immediately sectioned 
into small portions and preserved by freezing in liquid 
nitrogen. A portion of the testicular tissue was fixed in 
Bouin’s solution and 4% paraformaldehyde for future 
analysis, while the remaining tissues were utilized for cell 
isolation.

Cell dissociation and single-cell RNA sequencing
Single-cell suspensions of testicular tissue were generated 
using a two-step enzymatic digestion approach. Briefly, 
after washing the testicular tissue with calcium-free and 
magnesium-free 1X phosphate-buffered saline (PBS) 
containing penicillin/streptomycin, the tissues were incu-
bated in a dissociation solution comprising 1.5  mg/mL 
collagenase I (Sigma, C5138-100MG) and 0.01  mg/mL 
DNase I (Sangon Biotech, B300065-0001) in DMEM/F12 
medium (Gibco, A4192001) for 10 min at 25 °C with gen-
tle agitation to dissociate tubules. Subsequently, the cell 
suspensions were centrifuged at 500 g/min for 5 min, and 
the supernatant was treated with 0.25% trypsin-EDTA 
(Gibco, 25300054) for 5 min at 37 °C in a water bath with 
intermittent shaking. The reaction was terminated by 
adding DMEM/F12 supplemented with 10% FBS. Sin-
gle testicular cells were obtained by filtration through a 
40  μm strainer, followed by centrifugation at 500  g/min 
for 10 min and washing with 1X PBS. The resulting cells 
were resuspended in 1X PBS containing 0.04% cattle 
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serum albumin (BSA) for further processing. Cell viabil-
ity, confirmed by trypan blue staining, was required to 
be above 80%, and the cell count was determined using a 
hemocytometer.

Single-cell suspensions were loaded into each channel 
of the 10x Chromium platform to capture over 5000 sin-
gle cells, adhering to the manufacturer’s guidelines. The 
Chromium Single Cell 3’Reagent Kits (V3) (10 × Genom-
ics, PN-1000092) were utilized for single cell barcoding, 
cDNA amplification, and library construction, following 
the standard protocol. Subsequently, libraries under-
went sequencing on the Illumina HiSeq2500 instrument 
through paired-end sequencing runs.

Processing of single-cell RNA sequencing data
Chromium single cell data was processed by the set of 
pipelines in Cell Ranger (v7.0) (10 × Genomics). Raw base 
call files from Illumina sequencers were demultiplexed 
using cellranger mkfastq to generate FASTQ files. These 
FASTQ files underwent alignment to the cow UMD3.1 
genome, filtering, barcode counting, and UMI count-
ing using cellranger count. The output files from Cell 
Ranger were then imported into Seurat (v4.0) for dimen-
sional reduction, clustering, and scRNA-seq data analy-
sis. A total of 26,889 single cells, derived from five bull 
testes, passed the quality control threshold. This was 
determined by ensuring that all genes were expressed in 
more than three cells, the number of genes detected per 
cell ranged between 200 and 4000, and the percentage 
of mitochondrial gene expression was less than 5%. For 
data pre-processing, Seurat was additionally employed 
to normalize expression values across different samples. 
Canonical correlation analysis (CCA) was performed to 
identify the top 1000 highly variable genes and reduce 
the dimensionality of the data. Subsequently, clustering 
and UMAP analysis were conducted on the combined 
dataset, employing the first 1–12 canonical components 
(CCs) and utilizing a weighted Shared Nearest Neighbor 
(SNN) graph-based clustering method. Marker genes for 
each cluster were identified using the Wilcoxon rank-sum 
test, with default parameters applied via the FindAll-
Markers function in Seurat. This selection process tar-
geted marker genes expressed in more than 20% of the 
cell cluster, with a log fold change greater than 0.25.

Pseudotime analysis was conducted for various cell 
types using the Monocle package (v2.10.1). Trajec-
tory reconstruction was performed using the dpFeature 
method, utilizing the top 1000 genes showing significant 
differential expression. By applying reduce dimension to 
the gene expression matrix, cells were ordered to gener-
ate the dynamic cell trajectory.

Enrichment analysis of differentially expressed genes
Each cell type is compared against other type cells to 
identify the differentially expressed genes (DEGs). The 
criteria set for identifying genes with expression level 
differences were an average log2 fold-change ≥ 1 and an 
adjusted P-value ≤ 0.01. GO-term and KEGG enrichment 
analysis of the DEGs in each cell type was conducted 
using the online tool David. Up-regulated DEGs in each 
cell type were uploaded as a gene list, with Bos taurus 
selected as the background for analysis. GO terms and 
KEGG pathway meeting the thresholds of gene count ≥ 3 
and P-value ≤ 0.01 were considered significant.

Antibodies
The primary antibodies which were used in this study for 
immunofluorescence were as listed below: anti-UCHL1 
(ABclonal, A2131); anti-WDHD1 (ABclonal, A15396); 
anti-ACRV1 (ABclonal, A8098); anti-WT1 (ABclonal, 
A16298); anti-INHA (ABclonal, A1734); anti-MYH11 
(ABclonal, A10827); anti-ITGA7 (ABclonal, A14246); 
anti-rabbit Alexa Fluor 488 (Thermo Fisher Scientific, 
A32790); antirabbit Alexa Fluor 555 (Thermo Fisher Sci-
entific, A32794).

Analysis of transcription factors in germ cells
SCENIC [1] was used to conduct the regulatory network 
and regulon activity analysis by combing human and 
mouse transciption factor (TF) datasets. Co-expression 
modules between transcription factors and candidate tar-
get genes were built using GRNBoost. TF motif enrich-
ment analysis and direct TF regulons were derived based 
on motif enrichment around TSS using the RcisTarget 
al.gorithm. AUCell was employed to measure and score 
the activity of each regulon in single cells.

Chromatin immunoprecipitation-sequencing (ChIP-Seq)
Testicular tissue samples were collected from adult mice, 
and YY1-bound chromatin fragments were enriched 
using ChIP-Seq methodology. In brief, testicular tissue 
cells were initially cross-linked to DNA and proteins, fol-
lowed by cell lysis. Subsequently, DNA was fragmented 
via sonication, then subjected to immunoprecipitation 
using a specific YY1 antibody (Santa Cruz Biotechnology, 
sc-7341) to target sequences. Finally, DNA was purified, 
underwent second-generation library construction and 
sequencing, and was then analyzed to generate high-
resolution maps of YY1 binding sites across the bovine 
genome.

Results
Cell clustering analysis of single-cell RNA sequencing
Testicular tissues from five Holstein bulls, aged 2, 4, 4, 5, 
and 5 years (designated as A1, D1, E1, F1, and G1, respec-
tively), were utilized for scRNA-seq. The testis cells were 
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dissociated using a two-step mechanical and enzymatic 
digestion method, resulting in a viability rate exceeding 
80% for each sample. Subsequently, the isolated single 
cells were used to generate a single-cell library through 
the 10× Genomics platform (Fig.  1A). A total of 40,975 
cells were captured, with 26,888 cells meeting stan-
dard quality control (QC) criteria for further analysis. 

The libraries produced 3117  Mb reads, with an average 
sequencing saturation rate of 56.94%. Each cell demon-
strated a mean of 75.49  K reads and identified around 
1612 genes (Table S1). Furthermore, we analyzed the his-
tological composition and cell types of the seminiferous 
tubules in cattle testis through hematoxylin-eosin (H&E) 
staining (Fig. 1B).

Fig. 1 Cell clustering analysis of scRNA-seq from cattle testes. (A) Experimental workflow of sample collection and analysis. (B) HE staining of cattle testis. 
(C) Cell clustering analysis of combined single-cell transcriptome data from cattle testes. Each dot represents a single cell and is colored according to cell 
clusters. The 13 cell clusters were visualized in UMAP. (D) The cells colored in each cluster indicating the origin of testis tissues
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The vst method for dimensionality reduction in princi-
pal component analysis (PCA) was utilized to identify the 
most highly variable genes. Subsequently, the top princi-
pal components and a graph-based method were utilized 
to implement the uniform manifold approximation and 
projection (UMAP) algorithm, leading to the delineation 
of 13 distinct cell clusters visualized in a two-dimensional 
space through UMAP (Fig.  1C). Importantly, all identi-
fied clusters were consistently present in each testis sam-
ple (Fig. 1D).

Identification of germ and somatic cell types in cattle testis
Utilizing unsupervised clustering, a total of 13 discrete 
cell clusters were identified within the dataset, consist-
ing of 5 germ cells and 8 somatic cells in cattle testes 
(Fig.  2A). Distinction between germ cells and somatic 
cells was accurately achieved based on DDX4 and VIM 
markers (Figure S1), thereby validating the accuracy of 
our clustering outcomes [24, 41]. Established marker 
genes for specific cell types were employed for the iden-
tification and examination of cell clusters in cattle testes. 
Germ cell types could be further categorized as sper-
matogonia (DAZL, DMRT1, UCHL1, SYCP3, STRA8), 
spermatocytes (GKAP1, TBPL1, UBE2C, EFHD1), 
round spermatids (TMEM190, ACRV1), elongating 
spermatids (OTUB2, TNP1, PRM2, KIF5C), and sperm 
(CA2, TSSK6). Somatic cell types encompassed Sertoli 
(FATE1, CITED1), myoid (MYH11), lymphatic endo-
thelial (MMRN1), testicular endothelial (PRSS23, CD34, 
VWF, CD34, TIE1), Leydig (IGF1, DCN, SFRP2), T cell 
(CD52, CD69), macrophage (C1QA, C1QB, C1QC, CD14, 
CD163, CD74, CSF1R, LYZ), and fibroblast (CXCL12) 
(Fig. 2B; Figure S2). The major cell types identified in this 
study were in accordance with those observed in the tes-
tes of other mammalian species [44], as anticipated and 
supported by subsequent analysis. To confirm the clus-
tering outcomes, an expression analysis of cluster-spe-
cific marker genes was performed using Loupe software, 
demonstrating elevated expression levels in specific cell 
types (Fig. 2C; Figure S3).

Moreover, a statistical analysis was conducted on gene 
numbers, total transcripts, and cell numbers for each cell 
type in cattle testis (Fig. 2D). The findings revealed that 
germ cells, with the exception of elongating spermatids, 
displayed a lower number of genes and UMI transcripts 
sequenced per cell in comparison to somatic cells. Fur-
thermore, it was observed that spermatogonia, macro-
phages, and myoid cells exhibited the lowest cell counts 
relative to other cell types. Moreover, somatic cells in 
cattle testis displayed an average of 2  K detected genes, 
a significantly higher number compared to other spe-
cies [47], indicating unique gene expression profiles and 
robust cellular conditions.

Gene enriched analysis of testicular cell types in single-cell 
sequencing
Gene expression patterns dictate cellular functions; 
therefore, we conducted a comparative analysis of gene 
expression among cell groups. Through this analy-
sis, differentially expressed genes (DEGs) were identi-
fied between various testicular cell types in the dataset 
(Fig.  3A) (Table S2). The findings suggest the presence 
of potentially novel cell-type-specific marker genes that 
may serve as distinguishing factors for different cell 
types in cattle testes. For instance, we identified TKTL1, 
FMR1NB, ESX1, WDHD1, and RBBP8 as marker genes 
for spermatogonia, GSN, APOD, OGN, COL1A2, APOE, 
COL1A1, GSTM4, LAMA1, and C4A for Leydig cells, and 
DEFB119, INHA, OXT, AQP8, WFDC15B, and AARD 
for Sertoli cells, and BMX for fibroblast. Notably, TKTL1 
was also identified as a marker gene for spermatogonia 
in cattle testes, consistent with previous studies [49]. In 
addition, we have selected the antibodies of these newly 
- identified DEGs, and further verified their expression 
locations in different cell types within the testis through 
immunofluorescence (Figure S4) Thus, our analysis con-
firmed known marker genes in mammalian testicular 
cells and revealed candidate genes with potential func-
tions in cattle spermatogonial development.

To explore the functional enrichment of individual 
testicular cell types within the single-cell sequencing 
dataset, we performed Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analy-
sis on the upregulated Differentially Expressed Genes 
(DEGs) using the Database for Annotation, Visualization, 
and Integrated Discovery (DAVID) [8]. Our examination 
revealed unique functional enrichment profiles across 
various germ and somatic cell types and emphasized the 
top five upregulated GO terms and KEGG pathways for 
differentially expressed genes associated with each cell 
type (Fig.  3B) (Table S3). For example, germ cells dis-
played significant enrichment of genes associated with 
spermatogenesis, particularly those involved in flagel-
lated sperm motility and sperm flagellum. In contrast, 
genes highly enriched in spermatogonia primarily func-
tioned in histone binding and RNA binding. Sertoli cells 
exhibited enrichment of genes related to mitochondrial 
structure and function, whereas Leydig cells showed 
enrichment of genes associated with extracellular matrix 
organization and integrin binding. Moreover, the enrich-
ment of ribosome-related genes was observed in testicu-
lar endothelial cells, lymphatic endothelial cells, and T 
cells. Subsequent analysis of gene expression patterns in 
fibroblasts and myoids revealed a distinct cluster of genes 
associated with protein binding and actin binding. Addi-
tionally, a minority population of macrophages exhibited 
high enrichment for genes linked to immune response. 
The enrichment of these GO terms across different 
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Fig. 2 Cell types and specific marker genes identified in scRNA-seq datasets. (A) Major testis cell types corresponding to cell clusters in cattle testes in 
UMAP. (B) Heatmap showing of the relative expression of representative cell-specific marker genes in the 13 major cell types for single-cell RNA-seq da-
tasets. Color bar indicates the relative expression level for selected genes. (C) Expression patterns of selected markers used to assign cell types projected 
on the UMAP plots. One cell marker for each cell type is shown in the Figure Red (or gray) indicates a high (or low) expression level as shown on the color 
key. (D) Distribution profiles of per-cell attributes compared across the 13 cell types. nGene, the number of detected genes per cell; nUMI, the number of 
Unique Molecular Identifiers (UMI) per cell; nCell, the number of cells within each cell type
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testicular cell types holds significance in the context of 
the biological processes underlying spermatogenesis [5, 
13].

The development trajectory analysis in cattle testis germ 
cells
To investigate the differentiation pathways of germ cells 
in the testis, trajectory analysis was performed utilizing 

the Monocle 2 package [40]. A subset of 3,000 germ cells 
from the single-cell RNA sequencing dataset was chosen, 
with the top 1000 genes exhibiting significant differential 
expression selected for further investigation. Initially, the 
developmental trajectory of germ cells was reconstructed 
by arranging them along a pseudo time axis according to 
their gene expression profiles. Following this, the Mono-
cle 2 algorithm was utilized to identify branching points 

Fig. 3 Cell clustering analysis of scRNA-seq from cattle testes. (A) Significantly differentially-expressed genes for the testicular cell types. (B) The enriched 
GO terms shown for each cell type. The top 5 up-regulated GO terms are given on differentially expressed genes corresponding cell types by DAVID
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and infer differentiation pathways within germ cells of 
the cattle testis. Our pseudo time analysis revealed a 
sequential progression from spermatogonia to sper-
matocytes, round spermatids, elongating spermatids, 
and ultimately sperm, providing insight into the spatial 
distribution of various germ cell types within the testis 
(Fig. 4A-B). During the developmental trajectory of germ 
cells, we observed multiple gene expression changes, 
such as heightened expression of HSPA8 and HNRN-
PA2B1 in spermatogonia, alongside a well-documented 
gradual upregulation of protamine genes (PRM1, PRM2) 
crucial for sperm chromatin condensation (Fig. 4C) [32].

Additionally, a heatmap was generated to visually rep-
resent the hierarchical relationships among clusters 
of genes displaying differential expression throughout 
pseudo time in cattle testis germ cells (Fig. 4D). The top 
20 GO terms for clusters 1, 2, and 3 are emphasized in 
bold on the right side of the heatmap (Table S4). Clus-
ter 1, consisting of pre-branch spermatogonia and 
spermatocytes, displayed enrichment in ribosome and 
RNA processing pathways. Cluster 2 exhibited enrich-
ment in genes related to sperm biology, while cluster 3 
showed enrichment in genes associated with acrosome 
generation.

Regulatory activity and transcription factors in cattle testis 
germ cells
In the context of testicular single-cell sequencing regu-
latory activity pertains to the modulation of particular 
gene regulatory networks within individual cells by tran-
scription factors (TFs). These networks consist of genes 
regulated by the same TF or combinations thereof. TFs 
are proteins that interact with specific DNA sequences, 
thereby modulating gene expression. To identify key 
TFs and associated regulatory activities in our testicular 
single-cell sequencing dataset, we utilized the SCENIC 
pipeline followed by employing the AUCell algorithm to 
quantify and score regulon activity across individual cells.

Our study identified the top 100 transcription factor 
regulates that displayed differential activity at various 
stages of germ cell development in cattle testes (Fig. 5A; 
Figure S5) (Table S5). Specifically, we observed consistent 
high activity of the HMGA1 regulation throughout the 
entire process of germ cell development [25]. Conversely, 
the ZFP14 and RFX6 regulation exhibited heightened 
activity in elongating spermatids compared to other germ 
cell types. Additionally, TFs such as TAL1, TCF12, and 
SREBF2 displayed specific regulated activities in sperm 
cells, although their roles in fertilization and embryonic 
development require further investigation. Our study has 
uncovered heightened and distinct expression patterns of 
YY1 in spermatogonia, indicating significant functions of 
this transcription factor in this particular cell type. Pre-
vious research has emphasized YY1’s participation in the 

maintenance of spermatogonial stem cells and meiosis 
[21, 52]. The YY1 regulatory network of target genes in 
spermatogonia was established, with a particular empha-
sis on YY1’s involvement in the cattle testis (Fig.  5B). 
These identified genes are either known or predicted to 
be involved in encoding splicing factors or proteins that 
govern splicing processes (Fig.  5C). Our observations 
revealed a heightened activity of the SOX9 regulation in 
various somatic cell types, which has been recognized for 
its pivotal role in Sertoli cell differentiation and function 
[7, 18]. Additionally, the expression of the RXRB regu-
lation in Sertoli cells was found to regulate cholesterol 
homeostasis and spermiation [48].

Functional role of alternative splicing in cattle testis 
spermatogonia
Our study demonstrates the important functional roles of 
dynamic alterations in mRNA processing factors during 
spermatogonia development in bovine testes. Specifically, 
heterogeneous nuclear ribonucleoproteins (hnRNPs) like 
RBM39, HNRNPA2B1, and HNRNPH3, as well as serine/
argenine rich proteins (SRs), cleavage and polyadnylation 
specificity factor (CPSF) and splicing-related accessory 
proteins which were implicated in spliceosomal complex 
assembly and mRNA splicing, were found to be signifi-
cantly enriched (Figs.  4D and 5B-C; Figure S6)  (   h t  t p s  : / / 
w  w w  . w i k i p a t h w a y s . o r g / i n s t a n c e / W P 1 0 2 3     ) [6]. Moreover, 
via KEGG enrichment analysis, it was also revealed that 
the DEGs in spermatogonia were remarkably enriched 
in the spliceosome signaling pathway (Table S3). Subse-
quently, an enrichment analysis was performed utiliz-
ing upregulated DEGs in spermatogonia. This analysis 
revealed a significant enrichment of GO terms associated 
with ribonucleoprotein complexes, spliceosomes, mRNA 
binding, and splicing (Fig.  6A) (Table S6), highlighting 
the importance of alternative splicing in the maintenance 
of spermatogonial developmental trajectory and func-
tional competence.

Our prior investigation revealed numerous mRNA 
splicing-enriched genes as downstream targets of YY1. 
In order to confirm YY1-mediated regulation of mRNA 
splicing in cattle testis, we utilized ChIP-Seq to identify 
YY1 binding sites and their corresponding target genes. 
Through de novo motif discovery and comparison with 
established motif databases using Homer software, we 
determined that the highest-ranking motif aligned with 
YY1 transcription factor binding sites (Fig.  6B), validat-
ing the relevance of our experimental findings for sub-
sequent analysis. This analysis revealed an enrichment 
of genes targeted by YY1 that are implicated in spliceo-
some assembly, RNA processing, mRNA splicing, and 
associated biological processes (Fig.  6C) (Table S7). 
Additionally, peak binding sequences were identified 
in the upstream regulatory regions of genes previously 

https://www.wikipathways.org/instance/WP1023
https://www.wikipathways.org/instance/WP1023
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Fig. 4 The developmental trajectory of cattle testicular germ cells. (A) Pseudotime trajectory order of cattle testicular germ cells. Each dot represents an 
individual cell. The color bar from dark to light indicates the start and end of the trajectory. (B) The successive development trajectory of testicular germ 
cells. Cells are colored to their predicted locations along pseudotime trajectory. Three discrete cellular states (pre-branch, cell fate 1, cell fate 2) during 
germ cell development. (C) Expression profile of the selected genes involved in cellular state along the pseudotime trajectory. Black line indicates expres-
sion tendency across germ cells. (D) Heatmap and GO terms enrichment analysis of the significantly differentially-expressed genes. The significantly DEGs 
were enriched on the three gene clusters showed by the heatmap analysis. Associated GO terms with each gene cluster is shown on the corresponding 
right
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Fig. 5 Transcription factor regulatory network of cattle testis in germ cell development. (A) Binary heatmap depicting regulon activity in germ cell-type. 
100 regulon activity between transcription factors and target genes in single cell were conducted by SCENIC. Consensus DNA motifs regulated by repre-
sentative TFs are depicted. Color legends refer to cell cluster. (B) The target genes of YY1 regulon in spermatogonia. (C) The enriched analysis of YY1 target 
genes (B) predicted by STRING (Version 12.0)
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Fig. 6 Functional role of mRNA splicing in cattle testicular spermatogonia. (A) The enriched GO terms of upregulated DEGs (FDR ≤ 0.01) in spermatogo-
nia. (B) Logo showing the rank 1 of de novo motif results and known binding motif results using Homer. Homer analysis results showed the logo of the 
de novo motif (upper) high coincident with the known binding motif (lower). (C) Enrichment analysis of the biological processes of GO terms for YY1-
targeted genes (P ≤ 0.0001). (D) Peak binding sequences in the upstream regulatory regions of YY1-regulated target genes
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predicted to be regulated by YY1, including hnRNPs 
(RBM39, HNRNPA2B1, HNRNPH3), SRs (SRRM2, 
SRRM1), CPSF (CPSF1), accessory proteins (PCBP1) and 
HMGB2 (Fig. 6D). These findings reinforce YY1’s regula-
tory influence on mRNA splicing.

Discussion
The genetic influence of breeding bulls on cow popula-
tions surpasses 75%, underscoring the pivotal role of bull 
semen in animal reproduction. The quality of bull semen 
significantly affects reproductive efficacy and genetic 
enhancement in livestock. Despite the importance of this 
aspect, our comprehension of spermatogenesis in bull 
testes remains restricted. This study utilized scRNA-seq 
to investigate the transcriptomic profile of bull testes at 
cellular resolution. Our analysis has revealed distinct 
cell populations present in testicular tissue, providing a 
comprehensive understanding of spermatogenesis and its 
regulatory mechanisms in cattle, which is consistent with 
similar findings in other animal species. The presence of 
this cellular diversity highlights the dynamic and tightly 
controlled nature of spermatogenesis in cattle.

The gene expression profiles of individual cell types 
exhibited distinct functional enrichment, underscor-
ing their distinctive biological functions. Extensive 
documentation of major testicular cell types and their 
associated biological markers has been conducted in 
mammalian research [13, 16, 17]. This study identified a 
multitude of uniquely expressed genes that have not been 
previously characterized within each cell type. Addi-
tionally, we screened and identified genes co-expressed 
in two cattle cell types: TOP2A in spermatogonia and 
spermatocytes, and EDNRA and TCF21 in Leydig and 
Myoid cells. These genes are believed to have significant 
functions in particular stages or cell types in the process 
of cattle spermatogenesis. Our results emphasize the 
importance of multiple specific regulatory genes in this 
process, highlighting the need for additional annotation 
and functional studies. Additionally, our research indi-
cates that enriched GO terms associated with spermato-
genesis in cattle share similarities with those identified in 
yak and porcine species, particularly in spermatogonia, 
spermatids, and Sertoli cells [49, 55].

Trajectory analysis was utilized in this study to explore 
the differentiation pathways of testicular germ cells. The 
analysis revealed notable changes in gene expression 
during different stages of germ cell development, such 
as the downregulation of genes related to mRNA pro-
cessing, the upregulation of genes associated with chro-
matin condensation, and increased expression involved 
in acrosome formation. Distinct clusters representing 
germ cells at different stages of spermatogenesis were 
identified, including spermatogonia, spermatocytes, 
round spermatids, elongating spermatids, and ultimately, 

spermatids. For instance, pathways such as ribosome and 
RNA processing likely play pivotal roles in the develop-
mental transition from spermatogonia to spermatocytes. 
Each cell type is characterized by unique gene expression 
profiles indicative of their developmental stage and func-
tional roles. Additionally, our research identified crucial 
transcriptional regulators and signaling pathways that 
govern cattle spermatogenesis. Notably, transcription 
factors YY1 and BCLAF1 displayed unique expression 
patterns in spermatogonia, as validated by SCENIC anal-
ysis of regulon activity in human and mouse models [31]. 
Pathway analysis further revealed enrichment of the YY1 
regulatory network linked to mRNA splicing, empha-
sizing its role in coordinating spermatozoa production. 
Furthermore, we described the activities of transcrip-
tion factor regulons not previously reported during sper-
matogenesis (e.g., ZFP14, RFX6, TAL1, TCF12, SREBF2). 
These findings contribute to unraveling the complex 
regulatory networks driving testicular cell differentia-
tion, development, spermatogenesis, and other biological 
processes.

The AS process is predominantly controlled by the 
spliceosome, which orchestrates the assembly and iden-
tification of pre-mRNA splicing sites through the regu-
lation of RNA-binding proteins (RBPs) [29, 39]. RBPs 
associated with spliceosome proteins engage with RNA 
and other proteins to establish hnRNPs that are integral 
in the modulation of various cellular functions, such as 
transcription, pre-mRNA splicing, mRNA transporta-
tion, localization, degradation, storage, and translation 
[19, 38, 50]. Despite numerous discoveries, the precise 
mechanisms through which AS influences spermatogen-
esis remain predominantly obscure. Particularly, the fac-
tors driving the extensive mRNA splicing and processing 
in spermatogonia, the regulatory mechanisms govern-
ing alternative splicing mRNA during ontogenesis, and 
the functions of various RNA-binding proteins in this 
complex process remain inadequately elucidated. The 
equilibrium between self-renewal and differentiation of 
spermatogonial cells within the testicular environment 
is imperative for the sustenance of spermatogenesis [9, 
35]. However, many questions regarding the regulatory 
mechanisms governing this intricate process’s homeosta-
sis remain unanswered. In our study, we identified upreg-
ulated RBPs significantly enriched in GO terms related 
to mRNA splicing (e.g., hnRNPs, spliceosomal complex, 
mRNA 3’-UTR binding) in spermatogonia, highlighting 
their critical role in cattle spermatogenesis.

Multiple transcription factors, such as FOXO1, BCL6B, 
ETV5, TAF4B, and SOHLH1, have been identified as key 
regulators in the processes of self-renewal and differen-
tiation of spermatogonial stem cells [3, 27, 45, 46]. Our 
study revealed that YY1 displays distinct expression pat-
terns in spermatogonia compared to other germ cells, 
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with a notable enrichment of RNA-binding proteins 
involved in mRNA splicing among its target genes. Using 
ChIP-seq analysis, a multitude of YY1 binding sites have 
been discovered within the upstream regulatory regions 
of spliceosome proteins crucial for mRNA splicing in 
cattle testes. Additionally, functional RBPs associated 
with spermatogenesis have been identified [12]. Previ-
ous studies have demonstrated elevated expression of 
HNRNPA2B1 in mouse testicular cells, with knockout 
of Hnrnpa2b1 leading to infertility in mice [51]. Addi-
tionally, HNRNPH1 regulates alternative splicing of 
developmental-related target genes in reproductive cells 
by recruiting splicing factors PTBP2 and SRSF3, thereby 
maintaining normal development and function of germ 
cells [11]. Together, these findings underscore YY1’s reg-
ulatory role in RBP spliceosome proteins (hnRNPs, SRs, 
CPSF, and other accessory proteins) involved in the self-
renewal and differentiation of spermatogonia in cattle 
(Figure S7).

This research provides a thorough analysis of single-
cell RNA sequencing data obtained from cattle testes, 
offering a comprehensive overview of gene expression 
patterns among different cell types. The study identifies 
potential biomarkers and emphasizes their importance in 
understanding the processes involved in spermatogene-
sis, thus establishing a basis for further investigation into 
the molecular mechanisms influencing cattle fertility and 
infertility. Furthermore, our research results offer strong 
evidence supporting the essential functional significance 
of mRNA processing in spermatogonia within cattle tes-
tes, laying the groundwork for further investigation into 
their functional roles in spermatogonial development. 
These findings enhance our comprehension of cattle 
reproductive biology, not only adding to fundamental 
knowledge but also showing potential for advancements 
in reproductive health within livestock and potentially in 
human fertility research.
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