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dynamic roadmap and cell-cell communication

during buffalo spermatogenesis

Liangfeng Huang," Junjun Zhang," Pengfei Zhang,” Xingchen Huang,” Weihan Yang,! Runfeng Liu,’

Qingiang Sun,” Yangging Lu,"* Ming Zhang,"* and Qiang Fu'->*

SUMMARY

Spermatogenesis carries the task of precise intergenerational transmission of
genetic information from the paternal genome and involves complex develop-
mental processes regulated by the testicular microenvironment. Studies per-
formed mainly in mouse models have established the theoretical basis for sper-
matogenesis, yet the wide interspecies differences preclude direct translation
of the findings, and farm animal studies are progressing slowly. More than
32,000 cells from prepubertal (3-month-old) and pubertal (24-month-old) buffalo
testes were analyzed by using single-cell RNA sequencing (scRNA-seq), and dy-
namic gene expression roadmaps of germ and somatic cell development were
generated. In addition to identifying the dynamic processes of sequential cell
fate transitions, the global cell-cell communication essential to maintain regular
spermatogenesis in the buffalo testicular microenvironment was uncovered.
The findings provide the theoretical basis for establishing buffalo germline
stem cells in vitro or culturing organoids and facilitating the expansion of superior
livestock breeding.

INTRODUCTION

The water buffalo (Bubalus bubalis) is a valuable animal resource that significantly contributes to the
agricultural economy of many developing Asian countries by providing milk, meat, and draft power."”
Nevertheless, buffalo has a poor reproductive performance, and the major cause is abnormal spermato-
genesis in males.>* Spermatogenesis begins at puberty and depends on the maturity of the somatic micro-
environment.” Testicular spermatogenic cell division begins at about 12 months, but the ejaculate contains
a high percentage of viable spermatozoa only after 24-30 months.® In the testicular seminiferous tubules,
some spermatogonial stem cell (SSC) populations maintain stem cell pools by self-renewal, whereas the
other SSCs differentiate to form highly proliferative spermatogonia (SPG).>’ SPG proliferate into primary
spermatocytes by mitosis, which then undergo two meiotic divisions in response to hormones such as
follicle-stimulating hormone and testosterone to form haploid spermatids,® and subsequently spermio-
genesis into spermatozoa.® Testicular somatic cells regulate spermatogenesis by secreting cytokines
and regulating transduction of specific signals, thus controlling the balance between SSC self-renewal
and differentiation, as well as secreting hormones/immunomodulatory factors, leading to an immune-priv-
ileged environment, and physical barriers.”'* Obviously, mammalian male pubertal development involves
an increase in testicular volume, complex hormonal and molecular regulation, and cellular interactions,
which ensure the success of cell proliferation, differentiation, and spermatogenesis.”®'>~"”

Spermatogenesis carries out the precise intergenerational transmission of paternal genetic information,
representing a critical guarantee for the reproduction and continuation of the species.”“~*? Traditional
bulk RNA sequencing (RNA-seq) requires total RNA collected from hundreds or thousands of cells, and
the resulting expression matrix fails to distinguish among the distinct gene expression patterns from every
spermatogenic cell type.”” Purification of transient cells remains exceedingly challenging, whereas single-
cell RNA-seq (scRNA-seq) technology makes it possible to visualize the status of these cells without
purification and provides numerous distinctive cell stage-specific markers.”" It helps in detecting the cell
lineage and heterogeneity of all cell types in the original physiological state, revealing the different
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Figure 1. Single-cell transcriptome analysis of buffalo prepubertal and pubertal testes

(A) Schematic diagram of the experimental workflow.

(B) Histomorphometric analysis (H&E staining) of prepubertal and pubertal buffalo testes. Scale bar, 100 pm.

(C) Dimension reduction presentation (by tSNE) of combined single-cell transcriptome data from prepubertal and pubertal testes (a total of 32,847 cells).
Each point represents a single cell and is colored by sample.

(D) tSNE plot of prepubertal and pubertal testicular cell clusters defined by scRNA-seq analysis, colored according to cell type.

(E) Expression pattern of selected markers on the tSNE plot.

(F) Heatmap of normalized expression in DEGs (Wilcoxon rank sum test, p-value < 0.05) for each cell type. Labels indicate cell type (columns) and the number
of genes (rows).

(G) GO terms (biological process) for identified cell types (p-value <0.05).

molecular events of spermatogenic cell sequential occurrence and gene expression regulatory mecha-

nisms during spermatogenesis.””

Recent studies have obtained stage-specific gene markers in human testicular germ cells by scRNA-seq,
such as HMGA1, PIWIL4, TEX29, SCML1, and CCDC112.%° At the single-cell level, several studies eluci-
dated adult testicular germ cell-somatic cell interactions and human pubertal testicular development.?/+?
Besides, the developmental landscape of the human male germline and its somatic cells was illustrated in
another single-cell study, which contributed to studies of SSC therapy.” In human, macaque, and mouse
testes, scRNA-seq has been used to identify transcriptional signatures of major germ cells and somatic cell
types, revealing spermatogonial stem/progenitor cell pools, differentiation markers, potential meiosis reg-
ulators, and germ cell-somatic cell communication mechanisms.*° Furthermore, single-cell transcript
levels of various cell types during spermatogenesis in sheep and pigs have been demonstrated.®’*? Hence,
the development patterns and gene expression of spermatogenic cells during spermatogenesis have both

similarities and differences among species.*

Nevertheless, mammalian spermatogenesis is mostly understood from studies on rodents, monkeys, and
humans.'#7>?7:28:34-37 Conyersely, significant differences exist among species in the seminiferous epithe-
lial cycle, spermatogenesis cycle, the developmental pattern of SPG, specific molecular markers,
etc.'#9*3 These differences between species make it difficult to establish germline stem cells or perform
organoid culture in vitro, which prevents us from understanding the biological functions of germline stem
cells, the complexity of spermatogenesis, and the regulation of the male germline.** Similarly, it also hin-
ders investigation into the expansion of superior livestock breeding and the establishment of livestock
models.*>™*’ In the present study, single-cell RNA-seq data was obtained from prepubertal (PRE,
3-month-old) and pubertal (PERI, 24-month-old) buffalo testes. Spermatogenic and somatic cell clusters
were identified; a high precision single-cell transcriptional atlas of spermatogenesis and somatic cell devel-
opment was generated; and the similarities and differences in cell-cell communication networks between
prepubertal and pubertal testes and stage-specific markers were elucidated. Our work reveals single-cell
gene expression patterns in prepubertal and pubertal buffalo testes, providing crucial insights into the mo-
lecular mechanisms that underpin spermatogenesis and germ cell development. Furthermore, it presents a
molecular theoretical foundation for investigating mechanisms in stem cell maintenance and organoid
culture.

RESULTS

Single-cell transcriptome of buffalo prepubertal and pubertal testes

To characterize the cell types of buffalo testes, cells were isolated from 3-month-old (prepuberty) and
24-month-old (puberty) healthy buffalo testicular samples and obtained a total of 32,847 cells (after quality
control filtration) were obtained by 10x single-cell sequencing (Figures 1A, S1A, and S1B). Furthermore,
after morphological analysis (hematoxylin and eosin staining) of buffalo prepubertal and pubertal testes,
it was observed that the prepubertal testis lacked a tubular lumen, whereas the pubertal testis already
developed a complete tubular lumen with germ and somatic cells at all stages, and spermatogenesis
was complete (Figure 1B). Subsequently, the t-distributed stochastic neighbor embedding (tSNE) analysis
was performed on all sample sequencing data using the Seurat package in R, resulting in a total of 14 major
clusters, which were subsequently annotated using identified genetic markers (Figures 1C and 1D).

The cell types and markers are as follows: Immature Sertoli cell (Immature SC, AMH*/INHA*/CLU"), mature

Sertoli cell (Mature SC, FATET"/HMGN5*/CLDN11"), peritubular myoid cell (PTM, DCN*/PDGFRA"/
PTCH1"), Leydig cell (LC, STAR*/HSD3B1"/INSL3"), macrophage (M, CSF1R*/CD74"/MAFB"), endothelial
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Figure 2. Identification of SPG subsets in prepubertal and pubertal buffalo
(A) Re-clustering tSNE plot of SPG subsets in buffalo testes.

(B) Pseudotime trajectories of buffalo SPG subsets, colored by cell type, state, and pseudotime value.

(C) Feature plots of marker genes for SSC-1, SSC-2, Diff.ing SPG, and Diff.ed SPG.

(D) IF analysis of antibody staining against UCHL1 on paraffin sections of prepubertal and pubertal buffalo testes. Scale bar, 20 pm.

(E) Heatmap of DEGs (g-value < 0.01) expression (rows) along the pseudotime (columns). The heatmap shows cell types (left) and the representative genes
(right) for each cell type.

(F) Feature plots, trajectory plots, and pseudotime trajectory expression patterns of selected marker genes in SSC-1, SSC-2, Diff.ing SPG, and Diff.ed SPG.
(

G) Violin plot of the selected gene expression split by sample.

cell (EC, PECAM1F/CLDN5*/ECSCR™), natural killer cell (NK, PTPRC*/NKG7*/KLRF17/CD%4"), undifferen-
tiated spermatogonia (Undiff SPG, SALL4"/ZBTB16*/ELAVL2"), spermatogonia (SPG, NR6AT"/FGFR3*/
FMR1"), early-stage primary spermatocyte (from preleptotene to zygotene) (Early SPC, TEX12"/
SMCHD1"/PRSS50"), late-stage spermatocyte (from pachytene to secondary spermatocyte) (Late SPC,
SYCEZ2"/BOLL*/MLH1"), round spermatid (RS, DNAH14*/1IZUMO4*/NKAPL"), elongating/elongated sper-
matid (ES, TEX29'/FBXO24*/ACRV1"), and spermatozoa (Sperm, ODF1*/ODF2"/OAZ3*/AKAP4")
(Figures 1E, S1C, and S1D).

In the germ cell cluster (DDX4"), 3430, 2442, 1182, 3755, 756, 1936, and 667 differentially expressed genes
(DEGs) were obtained for Undiff SPG, SPG, Early SPC, Late SPC, RS, ES, and Sperm, respectively; whereasin
the somatic cell cluster (VIM"), Immature SC, Mature SC, PTM, LC, M, EC, and NK cells had 672, 2041, 677,
743,681,902, and 450 DEGs, respectively (Figure 1F and Table S1). Gene ontology (GO) terms for each cell
type supported the definition. For instance, clusters in germ cell development contained “chromosome
organization”, “sexual reproduction”, and “male gamete generation”. Also, somatic cells reflected the

GO terms for functional characteristics in the physiological state (Figure 1G and Table S2).

Trajectory analysis of spermatogonial cells

Spermatogonial mitosis is the first step to mammalian spermatogenesis.’® The original clustering analysis
(Figure 1D) showed that spermatogonia consisted of two cell clusters (Undiff SPG and SPG, 626 cells). To
further characterize the cellular subtypes and transitional relationships of spermatogonia from prepubertal
and pubertal buffalo testes, Undiff SPG and SPG clusters were re-clustered to obtained SSC-1, SSC-2, Diff.-
ing SPG (differentiating) and Diff.ed SPG (differentiated) clusters (Figures 2A and S2A). A total of 1516,
1553, 510, and 310 DEGs with elevated expression at different developmental stages were determined
by the Seurat package (Figure S2B and Table S3). Subsequently, cell trajectory analysis of the four cell types
was performed using the Monocle package, and the pseudotime value confirmed the differentiation
relationship of the re-clustered cells (Figure 2B).

The SPG subsets all broadly expressed UCHL1 and UTF1 (SPG pan-marker).”**? Many previously identified
and new SSC marker genes were expressed by SSC-1and SSC-2, including DAZL,*® male germline stem cell
asymmetric division-related genes (e.g., ZBTB16, ELAVL2, and HUWET). ITGAS, ETV4, ETV5, and ST3GAL2
showed high expression levels in SSC-1 (NANOS2*/GFRA1™). In SSC-2 (PIWIL4*/FOXO1*), RBM47, PRC1,
HELLS, and CXADR were exceedingly expressed. Furthermore, Diff.ing SPG (SOHLH1"/DMRT1") strikingly
expressed genes promoting spermatogonial differentiation (ESX1, CCDC124, TMEM147, and NDUFA4).
Finally, Diff.ed SPG specifically expressed the spermatogonial promitogenic factor (IRF1),”" pluripotency
transcription factors (TFs) (KLF4),°*°*CLEC3B, DBI, PPIB, and IER2 (Figures 2C and S2C). As expected,
immunofluorescence (IF) staining found that UCHL1 was located on the basal membrane of testicular sem-
iniferous tubules in both PRE and PERI, consistent with the location of spermatogonial distribution, demon-
strating that it could function as a pan-marker for every stage of SPG in buffalo (Figure 2D).

Monocle-derived pseudotime analysis showed dynamic expression patterns of multiple genes along the
SPG differentiation timeline (Figure 2E). In addition, SOX4 was highly expressed in SSC-1, whereas SLPJ,
YWHAB, CHD4, HMGA1, RRBP1, ZNF518A, and RACT showed expression trends in the pseudotime axis
consistent with the tSNE re-clustering results. CHD T was specifically expressed in SSC-2, and we also found
that MORC1, BMI1, KDM1B, ITGB1, LPIN2, GTF2A1, and RBBP8 shared the same expression pattern.

Besides, VPS29, RHOA, PRDX5, TRMT112, ATP5F1E, EIF1AX, NDUFV2, and PSMG4 showed a similar

pattern to markers SOHLH1, ESX1, and DMRT1, which are known to be present in differentiating spermato-
gonia. Several pluripotency markers (KLF2 and KLF4), FTH1, SSR4, LAPTM4A, HSPB1, ANXA1, SELENOM,
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Figure 3. Identification of SPC subsets in buffalo

(A) Re-clustering tSNE plot of SPC subsets in buffalo testes.

(B) Multi-volcano plot showing meiotic genes (test.use = “wilcox”, min.pct = 0.65) in pairwise comparisons in all cell types. The graph displayed the top five
annotated genes with the most fold change for each group.

C
D,

Feature plots of representative marker genes for pre.L, L, Z, eP, mP, IP, D, and MI-II.

(
(D) IF analysis of antibody staining against SYCP3 on paraffin sections of prepubertal and pubertal buffalo testes. Scale bar, 20 pm.
(E) Pseudotime trajectories of buffalo SPC subsets, colored by cell type (left) and pseudotime value (right).

(F) Heatmap showing DEGs (g-value < 0.01) expression (rows) along the pseudotime (columns) axis.
(

G) Feature plots, trajectory plots, and pseudotime trajectory expression patterns of selected genes in pre.L, L, Z, eP, mP, IP, D, and MI-II.

and FAU showed similar pseudotime expression patterns and were highly expressed in Diff.ed SPG
(Figures 2F and S2D). Thus, the data revealed the dynamic expression pattern of SPG subsets along the
developmental pseudotime trajectory, and these stage-specific markers could be used to construct regu-
latory networks of male germ cells in breeding livestock.

To further elucidate the heterogeneity of prepubertal and pubertal buffalo spermatogonial differentiation,
the expression of spermatogonial stage markers was split by sample (PERI vs. PRE). Importantly, NANOS2,
GFRA1, ST3GAL2, and MORC1 were only found to be specifically expressed in PRE-derived SSC, whereas
IRF1, KLF2, and KLF4 were only found in PRE-derived Diff.ed SPG. All phases of PRE- and PERI-derived SPG
subsets were identified by the remaining candidate markers (Figures 2G and S2E).

Identification of spermatocytes in buffalo

The second step of mammalian spermatogenesis is spermatocyte meiosis.”* SPC subsets (Early SPC and
Late SPC, 3,782 cells) were re-clustered into cell populations, yielding eight clusters of spermatocytes at
distinct developmental phases, namely, pre.L (preleptotene), L (leptotene), Z (zygotene), eP (early pachy-
tene), mP (middle pachytene), IP (late pachytene), D (diplotene), and MI-II (mixed cells of primary and
secondary spermatocytes) (Figures 3A and S3A, and Table S3). Next, meiosis-associated genes were calcu-
lated by the FindMarkers function of Seurat package for actively high-variable genes across sequential
spermatocyte stages during meiosis (Figure 3B and Table S4). Meiosis-associated genes were linked to
the following spermatocyte stages: DNA synthesis, sister chromatid cohesion, axial elements, homologous
chromosome pairing, DNA double-strand break (DSB) formation, synaptonemal complex formation,
recombination, nuclear envelope breakdown, and a series of molecular events during spermatogenesis

from pre-meiosis to meiosis.” *°

The meiosis-associated genes REC8, SMC3, and DMRTB1?>°"“" were found to be specifically expressed
in pre.L spermatocytes. Further, the meiosis initiation marker STRA8, synaptonemal complex protein 3
(SYCP3), homologous chromosome pairing-related genes at meiosis (ZCWPW1), and DNA meiotic recom-
binase 1 (DMC1)**"** tended to be highly expressed in L spermatocytes. In Z spermatocytes, the meiosis-
specific genes SYCP1, TEX101, and MEIOB®> were acutely expressed. Moreover, the piwi family members
PIWILT and CCDC112°**” are biomarkers for the beginning of expression in eP spermatocytes. In mP
spermatocytes, the central element deposition-related marker HORMADZ2 and the pseudoautosomal
region-related marker REC114°°“® were substantially expressed. In IP spermatocytes, the tubulin-binding
and microtubule motor activity-related genes NME5 and NME8?*>%°> were expressed. The D spermato-
cytes express aurora kinase A/B (AURKA and AURKB).”>® Finally, meiotic nuclear division-related genes
SUNS5, SUN3, and FZR176:38:6%65 \were expressed in MI-Il spermatocytes (Figures 3C, S3B, and S3C). Actu-
ally, IF staining showed that the distribution of leptotene spermatocytes corresponded to the localization
of SYCP3 in buffalo testes from PRE and PERI (Figure 3D).

The classification of cells at each stage of SPC subsets was confirmed by pseudotime trajectory analysis
of buffalo spermatocytes (Figure 3E). To better understand the sequential gene expression patterns
during meiosis, spermatocyte-specific marker gene expression at every stage was matched to cell devel-
opmental trajectories (Figure 3F). In pre-meiotic spermatocytes (pre. L), RAD271 (nuclear meiotic
cohesin complex), SMC1A (meiotic cell cycle gene), SMC3 (cohesin complex), DMRTB1(coordinate the
developmental transition from spermatogonial differentiation to meiotic entry), HMGN3 (the chro-
matin-binding protein), and MIF (glycosylation-inhibiting factor) were specifically expressed, which
decreases as pseudotime development increases, and essentially no expression occurs after Z spermato-
cytes. In L spermatocytes, ZCWPW1, DMC1, STRA8, PRSS50, RAD21L1, and BTG3 were strongly ex-
pressed, whereas following Z spermatocytes, their expression was almost absent. TEX101, CCDC117,
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Figure 4. Identification of Sts subsets in buffalo

(A) Re-clustering tSNE plot of Sts subsets in buffalo testes.

(B) Multi-volcano plot showing spermiogenesis-related genes (test.use = “wilcox”, min.pct = 0.65) in pairwise
comparisons in all cell types (RS, ES1, ES2, and S).

C
D
E) Heatmap showing DEGs (g-value < 0.01) expression (rows) along the pseudotime (columns) axis.

Feature plots of representative marker genes for RS, ES1, ES2, and S.

Pseudotime trajectories of buffalo Sts subsets, colored by cell type (up) and pseudotime value (down), respectively.

(
(
(E)

(F) Feature plots, trajectory plots, and pseudotime trajectory expression patterns of selected genes in RS, ES1, ES2, and S.
(G) Heatmap of histone and testis-specific gene expression in RS, ES1, ES2, and S.

SETX, TOP2B, WDR82, and C11H140rf39 were highly expressed in Z and underexpressed in eP
spermatocytes.

Synaptonemal complex protein 2 (SYCP2), meiotic spindle-related genes (HSPA2, SELENOW, and PEBP1),
and meiotic cell cycle-related gene (PSMAS8) showed the highest expression in eP spermatocytes and grad-
ually decreased with the increase in pseudotime. Meiotic cell cycle-related genes (CLGN and TDRD1),
meiotic recombination protein (REC114), GPATCH4, SAMD15, and MRPS26 were continually expressed
with the pseudo-development axis, whereas CLGN and TDRD1 expression in the pre.L-mP spermatocyte
stage progressively increased and the expression of mP-D spermatocyte stage gradually decreased.

Furthermore, NMES8 and cell growth-regulating nucleolar protein (LYAR, ADAM2, MLLT10, CCDC38, and
CCDC85B) were continuously expressed in the IP-D spermatocyte stage, with the maximum expression in
IP. Then, PLK1 (meiotic cytokinesis), AURKA (meiotic spindle), MISP3, NPM2 (positive regulation of meiotic
nuclear division), INCENP (meiotic spindle midzone assembly), and CCNAT (meiotic cell cycle) began to be
expressed in IP and peaked in the D spermatocyte stage. Ultimately, WASHC1 (meiotic spindle assembly),
FZR1 (regulation of meiotic nuclear division), CCER1, CLDND2, FBXO39 (F-box protein family member),
and TMEMB89 were specifically expressed only in MI-Il spermatocytes (Figures 3G and S3D). In summary,
the data presented candidate-specific gene markers for the above stages of spermatocytes.

Dynamic gene expression patterns during spermiogenesis

Spermiogenesis is the final stage of spermatogenesis.”*? Original RS, ES, and Sperm clusters (Sts subsets,
9,629 cells) were re-clustered into four haploid spermatids—RS (round spermatid), ES1 (elongating sper-
matid), ES2 (elongated spermatid), and S (spermatozoa) (Figures 4A, S4A, and S4B, and Table S3). To
obtain highly variable genes that are active during spermiogenesis, spermiogenesis-related genes were
calculated by the FindMarkers function of the Seurat package (Figure 4B and Table S4). The spermatid
pan-marker transition protein (TNP71 and TNP2)%is expressed in RS, ES1, ES2, and S. Initially, RS was iden-
tified by the zona pellucida binding protein 2 (ZPBP2) and nuclear autoantigenic sperm protein (NASP).?”""
For ES1, protamine 3 (PRM3) and sperm acrosome-associated 3 (SPACA3)?""? were marked. Next, ES2 was
marked by sperm tail PG-rich repeat containing 1 (STPG1) and cAMP response element modulator
(CREM).”? Finally, S was characterized by spermatogenesis-associated 3 (SPATA3) and spermatid matura-
tion 1 (SPEM1)/*~"% (Figure 4C).

The analysis of pseudotime trajectories provided evidence to support the categorization of spermatid
development (Figure 4D), and the identification of expression patterns of multiple genes related to
spermatid differentiation, resulting in distinct genetic markers for individual spermatid stages (Figure 4E).
For instance, the expression of TULP4, CC2D2B, SLC2A3, IZUMO4, SPATA22, and STRBP was specifically
detected at the RS stage, with decreasing expression levels as pseudotime increased. Specifically, TTN,
TMEM190, TMEMZ270, SIVA1, SPACA1, and TEX29 were considered candidate genes for ES1-specific
expression. Genes related to spermatid development (SGF29, ASB17, FAM71E1, and HMGB4) and sperm
tail development-related genes (MEIGT and KLC3)"/ were categorized into candidate genes for ES2.
Finally, TPPP2, LELP1, DNAJB8, CARHSP1, AKAP4, and SPACA? were recognized as candidate markers
for the S cluster (Figures 4F, S4C, and S4D).

Histone-to-protamine transition is a central molecular event during spermiogenesis.”® Consequently, the
patterns of histone variants and testis-specific genes during spermiogenesis were examined, and these ex-
pressions were the strongest in ES2, demonstrating that transcriptional activity peaking during ES2 was
associated with a histone-to-protamine transition (Figures 4G and S4E).
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Figure 5. Transcriptome functional characteristics and sequential expression patterns of buffalo male germ cells
(A) Top five most significant GO terms (p-value < 0.05) of spermatogenic cells (by DAVID), colored by cell type.

(B) Development stage-specific gene expression patterns in buffalo spermatogenic cells, with each color palette, and
nucleus color-coordinated with cell type.

(C) Cell-surface specific marker gene expression levels of spermatogenic cells.

Spermatogenic cell lineage development in buffalo

To further characterize the dynamic transcriptome on the developmental trajectory of buffalo male germ
cells, the expression patterns of 16 germ cell clusters (14,037 cells) with elevated DEGs (15,097 genes)
were analyzed (Figure S5A). GO analysis demonstrated that individual germ cells undergo different biolog-
ical processes (Figure 5A and Table S5). These activities were consistent with the sequential molecular
events involved in mammalian spermatogenic cells.® %277

During spermatogonial differentiation, SSC-1 and SSC-2 were mainly enriched in chromatin organization
and transcription-related activities. Diff.ing SPG was coupled with activities such as mitochondrial energy,
mRNA splicing, and translation, whereas Diff.ed SPG was enriched in translation and the transforming
growth factor beta receptor signaling pathway.

The processes of sister chromatid cohesion and spermatogenesis were particularly enriched in early
primary spermatocytes (pre.L-2). Late primary spermatocytes (eP-D) were involved in translation, ATP syn-
thesis-related, cell division, and cilium assembly processes, revealing that transition from meiosis to sper-
miogenesis was a sequential step, with genes involved in sperm structural assembly already being ex-
pressed in the IP-D spermatocytes stage. Consistent with the results of the pseudotime analysis of
spermatocytes, MI-Il was enriched in spermatogenesis, spermatid development, flagellated sperm
motility, fusion of sperm to egg plasma membrane and fertilization, showing evidence that MI-Il not
only significantly expressed genes related to the breakdown of the nuclear envelope but also participated
in the molecular events of early and late meiosis.

During spermiogenesis, in addition to mRNA and protein activities, RS was responsible for microtubule-
based movement and other biological processes closely related to spermatid development. ES1 and
ES2 were predominantly involved in spermatogenesis, spermatid development, and fertilization. Except
for enrichment to spermatogenesis, S was also broadly associated with protein catabolic process and
sperm motility. The GO enrichment analysis showed that several biological processes were active or
cell-type-specific in the buffalo male germline cell.

Moreover, the markers with stage-specific/pseudotime-sequential expression of individual germ cell clus-
ters were summarized in the present study (Figure 5B). To investigate cell-surface specific marker genes
contributing to the cultivation of buffalo primary spermatogenic cells in vitro, the linear expression relation-
ship of markers along the differentiation timeline was observed by prediction of membrane protein
(Figures 5C and S5B, and Table Sé).

Characterization of the somatic lineages in buffalo testes

Testicular cell-cell interactions are required for complete spermatogenesis.'®*° Somatic cell subsets
(Figures 1D, 18,810 cells) were investigated individually to characterize the gene expression patterns
that establish the spermatogenic microenvironment during prepuberty and puberty (Figure 6A).

SCs are the only somatic cells in seminiferous tubules that directly interact with germ cells to regulate sper-
matogenesis.g To reveal SC differentiation, the SCs subsets (Immature and Mature SC, 5,219 cells) were re-
clustered into two Immature SC clusters (Immature 1 and Immature 2) and one Mature SC cluster (Mature)
(Figures 6B and S6A and Table S3). Immature 1 (AMH"/SOX97), Immature 2 (AMH/SOX9"), and Mature SC
(SOX9*/AMH") were marked by LGALST and MMP2,°"*?GATA4 and TIMP2,**#*WT1 and CLDN11,5%
respectively (Figure S6B). Strikingly, Immature 2 and Mature clusters were positive for SOX?, and IF staining
showed that SOX9 was partially expressed in cells near the basement membrane of prepubertal and pu-
bertal testes (Figure S6C).

Likewise, the pseudotime trajectory analysis proved that Immature 1 developed before Immature 2, which
gradually differentiated into Mature SC (Figure 6C). In the dynamic gene expression pattern of SCs on the

iScience 26, 105733, January 20, 2023 1"



¢? CellPress

OPEN ACCESS

A B
Somatic cell subsets SCs subsets Sample ® PRE @ PERI
Mature SC X
©
»
" g | Mats
¥ § o] g
-
40 tSNE_1 SNE_1
E 5 =
et
C
Cell type Pseudotime|
Sample ® PRE @ PERI . @ Immature 1 0
® Immature 2 5
20 10
« O ® Mature 15
] 20
g e
o S
H E
2 S s
-
o
et -1 T 5 3 o B s T 3 o
Component 1
D 0 Pseudotime E
E - EGRI OGN
% y
Y A -
E —~1 - I vl /-J‘ ;-
E \ %
= Expression G JUNB . . $1DOA‘13 SNE T
i ;
; il
E enor' H
= o ! ‘ S
= 1) P Component 1
n d 2. 4 N G Expression
FATE1 3 2 N High
DEFB123 MH & ALDH1A1 2
CLDN11 ‘ :m ‘
CITEDT 2.
TSPANS 8, * & N
POLR2F  Celltype \g & \
HMGN5 [ immature 1 FATET 7, CLEC12B © Tow
PPP1R2 | immature 2 ‘ 3
PRDX2 |l Mature & Kd —l | Cell type
@ Immature 1
CITED1 @ Immature 2
‘ ® Mature
& & o
o \ o
Pseudo-time Pseudo-time
G
Cell n N N
Sampte. Retinoic acid pathway
MAT2A STRAG ALDH1A1 ALDH1A2 ALDH1A3 RARA
FOSB Expression | . < - & [t oo
2 T A 2N
ASHIL e £
w | | Ry e g
JPT1
MGA RARB STRA8 cypzsm CVP2651 cypP26Ct
SLC25A36 o P
CHD9 Bl

QKI
COL4A4
APPL2
RFC1
DST
SEC62
RTF1
DAD1
KMT2A
SuUSD3
TCF21
MFAP2
ZFP36
COL5A1
MYC
TPM4
COL6A3
CNRIP1
COL15A1
PENK
JADE1
DHX8
AIF1

. MX1

12 iScience 26, 105733, January 20, 2023

-2
Cell type

RA-synthesizing enzymes

e o P

RA receptor ’ Meiosis,initiation RA-degrading enzyme

ALDH1A1 Rapa R8s CYP26A1
ALDH1A2 RARB RA +—— cyp26B1
ALDH1A3 CYP26C1

Testosterone pathway LHCGR

o SCARB1

STAR CYP11A1 CYP17A1
% NRSAT -
STAR

CYP11A1

CYP17A1

HSD3B1

binding
(LC, PTM, 8C) Testosterone

iScience



iScience ¢? CellPress
OPEN ACCESS

Figure 6. Characterization of buffalo somatic lineages

(A) tSNE plot of somatic cell subsets in prepubertal and pubertal buffalo testes, colored by cell type (up) and sample
(down).

(B) Re-clustering tSNE plot of SC lineages in buffalo testes, colored by cell type (left) and sample (right).

(C) Pseudotime trajectories of buffalo SCs subsets, coloring by cell type (left) and pseudotime value (right), respectively.
(D) Heatmap showing DEGs (g-value < 0.01) expression (rows) along the pseudotime (columns) axis.

(E) Feature plots, transcriptional trajectory plots, and pseudotime trajectory expression patterns of selected genes in
Immature 1, Immature 2, and Mature clusters.

(F) Heatmap of differential genes in buffalo somatic cells (PTM, LC, M, EC, and NK) split by samples (PRE and PERI).
(G) tSNE plots showing gene relative expression levels of retinoic acid (up) and testosterone pathways (down).

pseudotime developmental axis, genes such as EGR1, JUNB, JUN, and ST00A13 showed elevated expres-
sion in the Immature 1 cluster and decreased expression with SC differentiation. Also, INHA and AMH
broadly marked Immature SC, whereas expression was significantly higher in Immature 2 but negative
for the Mature cluster, and genes with similar patterns included ENO1, ALDH1A1, CLU, and BCAM. Mature
cluster specifically expressed FATE1, DEFB123, CLEC12B, CITED1, and TSPANS5 (Figures 6D and 6E).
Notably, mitochondrial function was enhanced along with the pseudotime developmental differentiation
of SCs (Figures S6D and S6E and Table S5).

Heatmap showing the expression patterns of prepubertal and pubertal somatic cell marker genes.
(Figure 6F and Table S7). Afterward, the focus was only on the expression of several paracrine factors,
cytokines, growth factors, and ligand-receptor genes which have been associated with spermatogenesis.
For instance, some immune-related factors such as interleukin (IL) 1 (ILTA and IL1B) and CSF1 were specif-
ically secreted by M cells in buffalo. AMH, inhibin (INHA and INHBB), and desert hedgehog signaling
molecule (DHH) are produced by SCs; moreover, DHH and AMH are the essential downstream gene of
SRY (sex determining region Y)-box% (SOX9).%” As expected, DHH and INHBB were expressed specifically
in Immature SC and Mature SC; AMH and INHA were only expressed in Immature SC. Remarkably, many
cytokines and hormones require to bind with their receptors to function, and we still found expression
patterns of some ligand-receptor signaling pathways, such as CLCL12-CXCR4, KITLG-KIT, and CGA-
FSHR (Figure S6F). These findings further suggested that the somatic cells also form strong interactions
to create a microenvironment for spermatogenesis.

Retinoic acid (RA) is essential for male spermatogonial development and spermatocyte meiosis in both
humans and mice.”® Importantly, the membrane receptor STRAS, which is responsible for the intake of
retinol, was specifically expressed in SCs (Immature 2) of buffalo testes. Similarly, ALDHTA2 was expressed
from pachytene to diplotene spermatocytes in postnatal mouse testes.®’In situ hybridization showed that
the RA-degrading enzyme CYP26B1 was only expressed in PTM cells in mice,?” but its transcript was de-
tected in both buffalo SCs (Immature 1) and PTM cells ALDH1AT1 transcripts were found in immature SC
(Immature 1 and Immature 2) and LC, and ALDH1A3 was found in SCs (Immature 1 and Mature), PTM,
and LC, suggesting that buffalo LC and PTM cells participated in RA synthesis. As for RA receptors,
RARA was predominantly expressed in SSC-1 (NANOS2*/GFRA1"), SCs (Immature 1, Immature 2, and
Mature), and PTM cells, but was only weakly expressed in LC, EC, and M. RARB was more abundant in
SPG subsets (SSC-1, SSC-2, and Diff.ing SPG) and pre.L primary spermatocytes. These findings suggested
that SCs, PTM, LC, EC, and M are involved in the RA regulation of spermatogonial differentiation
(NANOS2*/GFRA1") and meiotic initiation in buffalo (Figures 6G and S6G).

Testicular endocrine function is accomplished by androgen biosynthesis by LCs.”® Testosterone is one of
the major representative androgens regulating spermatogenesis in mammals by binding to the androgen
receptor (AR).”"7? Here, steroidogenesis-related genes were specifically expressed in LC. AR was ex-
pressed in LC, PTM, and SC in buffalo testes but negative for germline cells, suggesting that testosterone
promotes spermatogenesis by the interactions among LC, PTM, and SC (Figure 6G).

Testicular cell-cell communication

Significant differences were observed in the number and strength of interactions (secreted signaling)
among different testicular cell populations (Figure 7A and Table S8), with prepubertal cells showing a
higher overall strength of interactions than pubertal cells, as evidenced by interactions between somatic
cells (Figures S7A and S7B). Comparing the overall information flow of each signaling pathway revealed
17 signaling pathways, with PRE- and PERI-derived cells sharing four signaling pathways (PTN, MK, IGF,
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Figure 7. Global testicular cell-cell communication network in buffalo

(A) Number of interactions and interaction strength among all testicular cell types.

(B) Overall information flow of each signaling pathway from PRE and PERI.

(C) Heatmap comparison of overall signaling in PRE- and PERI-derived testicular cells.

(D) Overview of ligand-receptor interactions (p-value < 0.05) of buffalo testicular cells. The size of the circle represents the p-value, with red representing the
communication probability, whereas the color of the square represents the sample resource, with turquoise representing PRE and red representing PERI.
(E) Violin plots showing the expression of ligand-receptor pairs split by sample.

and GALECTIN) (Figure 7B). Notably, Mature SC was placed at the center of testicular intercellular commu-
nication, occupying the strongest signaling sender and receiver of five signaling pathways (GRN, GAS,
PROS, PSAP, and PTN). Meanwhile, in the ACTIVIN pathway that promotes spermatogenesisf’3 cell-cell
communication was only from Mature SC to Undiff SPG (Figures 7C, S7C, and S7D).

Furthermore, ligand-receptor pairs that function in the signaling pathway were examined, and somatic cells
were found to interact with somatic/germ cells by paracrine/autocrine signaling (Figure 7D and Table S9).
Especially, Undiff SPG majorly expressed receptors of the ACTIVIN (ACVR1B and ACVR2A) and PTN (NCL)
pathway, whereas prepubertal spermatogonia were primarily represented by receptors of the IGF,
MK, PDGF, PTN, and RESISTIN pathways—IGF1R, NCL, PDGFRA, NCL, and CAP1, respectively. Therefore,
somatic cells might communicate with SSC by secreted signaling to maintain self-renewal or
differentiation.

Simultaneously, prepubertal testicular somatic cell communication was predominantly clustered in the IGF,
MIF, MK, PTN, GALECTIN, RESISTIN, CALCR, and TNF pathways, whereas pubertal cells were concen-
trated in PARs, GALECTIN, PSAP, GAS, and PTN pathways. PTPRC (CD45) was increased in abundance
in M and NK cells of PERI, demonstrating that the GALECTIN pathway is involved in PTPRC™ cell prolifer-
ation, differentiation, angiogenesis (formed by EC expressing ligand LGALS9), and immune response
during buffalo testis development™?® (Figures 7E and S7E). Briefly, our data showed similarities and
dissimilarities of microenvironments in prepubertal and pubertal spermatogenic cells, provided evidence
for understanding cellular interactions during spermatogenesis, and highlighted the mechanisms of stem
cell maintenance.

DISCUSSION

In mammals, male fertility requires the coordination of endocrine and exocrine testicular functions
(androgen secretion and spermatogenesis), both of which are directly controlled by the hypothalamic-pi-

8 . . . .. .
17:26,28.96 This study presents a comprehensive high-precision single-cell tran-

tuitary-gonadal (HPG) axis.
scriptional cell atlas during spermatogenesis in buffalo, elucidating a gene expression roadmap and critical
molecular markers for testicular cell development. In summary, scRNA-seq analysis was used to reveal
sequentially distinct molecular events in spermatogenic cells and cell-cell communication mechanisms
in the buffalo spermatogenic microenvironment, which can establish molecular foundations for the cultiva-

tion of germline stem cells in vitro, organoid culture, and agricultural superior livestock breeding.

Categorization of testicular germ and somatic cells

Spermatogenic cells were distinguished from microenvironment somatic cells according to DDX4- and
VIM-positive expression®”” (Figures 1E, S1C, and $1D). Adult SSCs in mice were reported to compose
only 0.03% of total germ cells.”®7? Similarly, the undifferentiated SPG (buffalo) consisted of PERI only (42
cells), which expressed many identified markers such as pluripotency TFs (SALL4 and ETV5), ELAVL2,
and PIWIL4.783397190100 A recent spermatogenesis scRNA-seq study that failed to mark adult SSCs in
sheep highlights the challenge of identifying SSCs in domestic animals.?’ Notably, GO enrichment
revealed that DEGs were primarily involved in gene expression, chromosome organization, and RNA
processing, and these biological processes were enriched in SSC-related TFs (TCF3 and ZBTB16),””
ARID domain-containing proteins (KDM family) and epigenetic modifiers (DNMT3A),"% and RNA process-
ing factors (LSM, RBM, and SNRP families). It showed that the buffalo undifferentiated SPG most likely
contained a population of SSCs responsible for maintenance and self-renewal, which was consistent

with previous findings in humans and mice.*”'%

SPG (PRE: 558 cells; PERI: 26 cells) were labeled by genetic markers in spermatogonial differentiation such
as NR6A1, FGFR3, and FMR1, which were also commonly highly expressed in spermatogonial cells of
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humans and mice.”’*"*? SPG was shown to be predominantly involved in chromosome organization, RNA
splicing, and cell cycle processes, with genes promoting SSC self-renewal (UCHL1, UTF1, CHD1, FOXO1,
and BMI1) and spermatogonial proliferation expansion signals (DMRT1, SOHLH1, KIT, TKTL1, and
ESX1).3019319% These observations suggested that SPG was a mixed cluster of spermatogonia with multi-
ple differentiation states and required further re-clustering for identification.

For the spermatocytes, Early SPC was marked by TEX12, SMCHD1, and PRSS50.%7:°>1% | ate SPC was
labeled by synaptonemal complex central element protein 2 (SYCE2), DAZ gene family member (BOLL),
and mutL homolog 1 (MLH1).>>"%” In cynomolgus macaque testes, the single-cell analysis showed that
IZUMO4 is expressed in round spermatids,”’ and TEX29is expressed in the early spermatid stage.”® More-
over, studies have shown that ODF1, ODF2, ODF3, OAZ3, and AKAP4 are sperm tail-related genes,
supporting the initial classification of haploid spermatids (RS, ES, Sperm).””"°% In summary, buffalo prepu-
bertal and pubertal testicular germ cells were defined at the single-cell level (multiple differentiation states
existed within a cluster in the initial classification). Nonetheless, genetic markers and expression profiles
specifically for seven germ cell stages were found to characterize spermatogenesis (Table S1).

Microenvironment somatic cells (VIM+) secrete multiple cytokines, growth factors, hormones, and para-
crine factors participating in the regional regulatory mechanism of spermatogenesis, and spermatogenesis
depends on the maturity of somatic cells.>?*'%” The differential expression of AMH and CLDN11 in the
original classification categorized SCs into two distinct cell clusters, despite the lack of a suitable marker
to represent the overall status of SCs (Immature SC and Mature SC).'%” The prepubertal male mammalian
SC is predominantly characterized by anti-Mullerian hormone (AMH), which lacks androgen receptor
expression, and lacks the blood-testis barrier (BTB) as well."'? The appearance of CLDN11 transcripts
signals that SCs entered the mature stage, which is characterized by loss of proliferation activity, BTB
formation, and providing nutritional and structural support to germ cells at all developmental stages of
spermatogenesis.'""'""KITLG (KIT ligand, stem cell factor) plays a distinct role in regulating the fate of
mouse spermatogonia.’''>""® The maturation roadmap of SCs was demonstrated by pseudotime trajectory
analysis, and the time of KITLG expression initiation in buffalo SCs was found to be the same as SOX9, indi-
cating a potential regulatory relationship that requires further verification. Specifically, SHBG, rather than
SOX9, WT1, or GATA4, was a more comprehensive molecular marker for prepubertal and pubertal SCs in
buffalo. The buffalo PTM expressed DHH receptor (PTCH1), PDGF receptor (PDGFRA), and AR, indicating
that it interacts with other somatic cells to mediate spermatogenesis by participating in hedgehog, PDGF,
and androgen signaling pathways. These results corroborate the findings of a previous study on humans.®’

In the interstitial compartment of buffalo testis, LC specifically expressed testosterone biosynthesis-related
genes (STAR, HSD3B1, CYP17A1, CYP11A1, and NR5AT), which match those observed in earlier
studies.”'""® High expression levels of AR in buffalo SC, PTM, and LC indicated that androgen signaling
promotes sex differentiation, gonadal development, and spermatogenesis by the cooperative work of SC,
PTM, and LC, with androgen signaling being subsequently transmitted to germ cells by SC."'® Further-
more, weak AR expression was observed in buffalo EC (PECAM*/CLDN5"/ECSCR"), which was consistent
with previous observations that testosterone interacts with EC."" In addition, two classes of PTPRC* cells—
M (CSF1R*/CD74*/MAFB*) and NK (PTPRC*/NKG7"/KLRF1"/CD94+)—were identified. M is a “niche” in
the interstitial compartment of prepubertal and adult mice SSCs, interacting with LCs to promote steroid
synthesis, expressing the SPG proliferation and differentiation-inducing molecule CSF1, and still being
involved in the RA biosynthetic pathway.''® IF staining of adult mouse testis revealed that CSF1 was ex-
pressed in LC, PTM, and M, whereas CSF1R was expressed in spermatogonial cells.!&117 Conversely,
we found that CSF1 and CSF1R were specifically expressed in M in the present study. Therefore, CSF1 is
unlikely to influence the proliferation or self-renewal of SSC by binding to CSF1R in buffalo.

Spermatogenic cell development

Re-clustering analysis was performed on the original cluster to identify highly variable genes for cell fate
transition between neighboring spermatogenic cells. SSC-1 (NANOS2"/GFRA1") differentiated the
earliest in the cell trajectory analysis of SPG subsets, expressing receptors (GFRAT and RET), and transcrip-
tion factors (ETV5) associated with the GDNF signaling pathway. Thus, the GDNF signaling pathway is
required to maintain SSC self-renewal in buffalo, similar to mice, rats, and humans.>>"'91120 55C-2 (PIWIL4*/
FOXO1*) specifically expresses PRC1, BMI1, and TAF4B. In particular, ZBTB16 and TAF4B were found to be
under differential signaling control in prepubertal human spermatogonia and mouse SSC, which might
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prevent differentiation without being directly involved in self-renewal.’* Moreover, human SSEA4* SSCs
had high transcript levels of PRCT and BMI1.>? DMRT1 is expressed in mouse SCs and spermatogonia
(all stages) and promotes spermatogonial differentiation by activating SOHLH1 and inhibits meiotic
initiation by specific interruption of STRAS transcription (RA pathway).'”" Similarly, the scRNA-seq profile
revealed that DMRTT and SOHLH1 simultaneously marked Diff.ing SPG, and STRAS8 initiated weak expres-
sion in Diff.ed SPG (IRF1"/KLF4"), peaking in L primary spermatocytes.

Compared with other mammals, buffalo shared some conserved SSCs, such as UCHL1, UTF1, ZBTB16,
DAZL, SOX4, NANOS2, GFRA1, PAX7, SALL4, ITGA6, RET, PIWIL4, FOXO1, MORC1, TAF4B, NR6A1,
and FGFR3.?””7 Nevertheless, few identified SSC markers were not detected in buffalo, including
NGNS3, PLPPR3, TSPAN33, GPR125, SSEA4, MAGEA4, DPPA4, BCL6B, and FOXO3.747717%1%3 Of interest,
RBM47 and SLPI were shown to be specifically expressed in mouse primordial germ cells (PGCs).'** In
contrast, NANOS2, which is similar to SLPI, was particularly expressed in SSC-1 in the present study,
whereas RBM47 was specifically expressed in SSC-2. The earlier systematic investigation of spermatogonial
cell subtypes in the domestic animal field came from a single-cell examination of a 150-day-old Guanzhong
pig.>? In short, this detailed characterization of the single-cell transcriptional atlas of buffalo spermato-
gonia can contribute to theoretical models of spermatogonial development in livestock.

Spermatogonial mitotic division and differentiation into pre.L spermatocytes all occur in the basal
compartment, whereas other spermatocytes and post-meiotic spermatids are separated in the adluminal
compartment.'?” Increasing advancements in scRNA-seq allowed for the classification of spermatocytes
into more specialized stages, and a recent study reported 12 phases of spermatocytes during mouse sper-
matogenesis and listed the following stages: G1, ePL, mPL, and IPL (preleptotene stage), L, Z, eP, mP, IP, D,
MI, and MII stage.*® Likewise, our data showed the following spermatocyte subtypes: pre.L (REC8"/
SMC3*%), L (SYCP3*/ZCWPWT1*), Z (SYCP1"/TEX101"), eP (PIWIL1"/CCDC112*), mP (HORMADZ2"/
REC114%), IP (NME5*/NMES8"), D (AURKA"/AURKB™) and MI-Il (SUN5*/FZR1") (Figures 3 and S3). Multiple
interspecies conserved spermatocyte phase-specific markers were identified using scRNA-seq, including
ZCWPW1, TEX101, PIWIL1/CCDC112, and AURKA/SPATA16, which broadly marked L, Z, P, and D primary
spermatocytes, respectively, in human, mouse, monkey, pig, sheep, and buffalo.®* Several unconserved
genetic markers were observed in buffalo, presumably because the cycle of seminiferous epithelium differs
among animals. Human, cynomolgus macaque, and mouse showed DMRTB1 expression in differentiated
spermatogonia, whereas DMRTB1 expression was detected in pre.L spermatocytes in buffalo.”” HERC5 was
highly expressed in human late primary spermatocytes,”’ whereas it was detected in the buffalo pre.L clus-
ter. Similarly, SYCP3 was expressed in mouse Z spermatocytes,’ but was expressed in the buffalo L stage.
To form species-specific maturing spermatozoa, round spermatids undergo a series of morphological
transformations and chromatin remodeling.”” Dynamic transcriptional signatures of buffalo spermiogen-
esis were revealed in the present study, and the major stage of histone-to-protamine chromatin remodel-
ing was found to occur at the ES2 stage.

To improve understanding of male germ cells, detailed information on TMHMM-predicted proteins is
provided in Table Sé. The surface marker ST3GAL2 has been identified as specific to prepubertal SSC in
buffalo. Several other surface genes were selected as candidate markers for the buffalo spermatogenic
lineage, such as ITGA6, KNTC1, RHOA, and ITGB5 (Figure 5C). Furthermore, it would be interesting to
explore the process of transforming germ cell fate during puberty based on cell surface markers isolating
single-cell-defined testicular germ cells in vitro. Hence, single-cell transcriptome analysis was used to
define the dynamic transformation of spermatogenesis in buffalo, thereby contributing to deepening
our understanding of the regulatory basis of male germ cell development.

Global testicular cell-cell communication network in buffalo

SSCs undergo spermatogenesis in a microenvironment created by testicular somatic cells, a complex pro-
cess that involves self-renewal and differentiation into spermatozoa.j1 Nevertheless, the mechanism of
mammalian testicular cell communication in the physiological state is poorly defined. In addition to exam-
ining the expression distribution of paracrine factors (e.g., DHH, NRG1, POMC, and INSL3), cytokines (e.g.,
IL1A, IL1B, CSF1, and INHBB), growth factors (e.g., IGF2, TGFBs, PDGFs, HGF, FGF1, VEGFA, and NGF),
CXCL12/CXCR4 signaling, KITLG/KIT signaling, RA biosynthetic pathway, and testosterone pathway
(Figures 6G, S6F, and S6QG), global paracrine/autocrine signaling interactions were observed between pre-
pubertal and pubertal buffalo testicular cells by CellChat analysis (Figures 7 and S7). Of note, the limitation
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of CellChat is that high expression of ligands and receptors at the RNA level does not necessarily correlate
with actual cell-cell signaling because cell signaling occurs at the protein level."”® Nevertheless,
CellChat analysis is still a good indicator for detecting potential signaling pathways in intercellular
communication.

During the information flow from niche cells to sender cells, the IGF pathway was detected in the interac-
tion pattern of prepubertal somatic cells (Immature SC, LC, PTM, M, EC, and NK). Of interest, germ cells
(Undiff SPG, SPG, and Early SPC) also expressed IGF2, and the IGF pathway was evident in the flow of in-
formation from germ cells to niche cells. Thus, the data further supported that IGF is the most critical pos-
itive regulator of immature SC proliferation, promoting the proliferation, differentiation, and development
of PTM, LC, EC, M, and NK cells.'”” Meanwhile, the IGF pathway communicates bidirectionally between
germ and niche cells. The PDGF pathway enhances steroid production in LC, promotes PTM contractions,
and stimulates germ cell differentiation and proliferation.'?®'%? Similarly, PDGFA showed specific expres-
sion in buffalo SCs, and PDGF receptors (PDGFRA and PDGFRB) were predominantly expressed in Imma-
ture SC and PTM, and slightly expressed in LC. The buffalo PDGF signaling pathway was regulated by
PDGF/PDGFR during testis development by the interaction of SC, PTM, and LC. Furthermore, although
ACTIVIN receptors (ACVR2A and ACVR1B) were expressed in both prepubertal and pubertal-derived
SPGs in buffalo, the ACTIVIN communication signal was only detected in adult buffalo when the sender
cell is adult SC and the receiver cell is mature SC. Hence, the data further confirmed that the ACTIVIN
pathway promotes the expansion of spermatogonia in adult mammals (including humans and mice)."*°

M-specific secreted immune-related cytokines, IL1 (ILTA and IL1B) in prepubertal and pubertal buffalo,
whereas IL1A is secreted by SC in humans and rats, and has a direct effect on germ cell differentiation
and testicular steroid hormone production.’*'"'** The GALECTIN pathway was found in buffalo EC and
PTPRC" immune cells (M and NK), confirming a crucial role in angiogenesis and the maintenance of an
immunologically privileged environment in the testis.”* Importantly, TNF is a pro-inflammatory cytokine
produced by SC and LC, which increases the secretion of transferrin in SC."** However, only TNF and its
receptor TNFRSF1B were detected in buffalo M and NK cells, whereas TNFRSFTA was present mainly in
PTM, LC, M, immature SC, and EC. The results indicate that TNF was mainly expressed in immune cells
of buffalo testis and functioned as a signaling cascade by cellular communication.

Several ligands share the same receptor, demonstrating that paracrine factors most likely crosstalk be-
tween multiple signals. For instance, MDK (MK pathway) and PTN (PTN pathway) share three receptors
(NCL, SDC2, and SDC4); F2 and PLG (PARs pathway) share two receptors F2R and PARD3; MIF (MIF
pathway) and LGALS? (GALECTIN pathway) share receptor CD44; and GAS6 (GAS pathway) and PROS1
(PROS pathway) share receptor TYRO3. Our data further supported that the MK/PTN family promotes
angiogenesis'** and found that NCL was also expressed in germ cells (Undiff SPG, SPG, Early SPC, and
Late SPC), indicating that the MK/PTN family was also involved in constructing the “microenvironment”
of buffalo spermatogenesis. The role of angiogenic signaling in maintaining self-renewal in SSCs is yet
to be evaluated functionally, which is worthy of further investigation. In short, the paracrine/autocrine
signaling interactions in prepubertal and pubertal buffalo testicular cells that create distinct spermato-
genic microenvironments were elucidated, yielding a potential ligand-receptor list for establishing
germline stem cells and organoid culture in vitro.

This study establishes a single-cell transcriptional atlas of prepubertal and pubertal healthy buffalo testes,
uncovering dynamic and complex processes in the sequential cell fate transition from SSCs to spermatozoa
and developmental trajectory of microenvironment somatic cells during spermatogenesis. Also, this study
presents a global buffalo testicular cell-cell communication network that maintains regular spermatogen-
esis under physiological conditions. Overall, our dataset provides comprehensive, distinctive, and valuable
information on buffalo spermatogenesis and contributes to the molecular basis for studies of the male
germline from livestock models in vitro.

Limitations of the study

The present study focused on scRNA-seq analysis and IF staining of key markers in the testis. However,
further experimental validation is required for the expression and localization of novel markers, because
commercial antibodies do not easily function in buffalo. Only the single-cell data of prepubertal and pu-
bertal buffalo testes was compared, which does not entirely reveal the gradual molecular process of the
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testis from prepuberty to puberty. Further studies using sequencing data from multiple continuous devel-
opment samples may reveal additional details. Besides, integrating multi-species single-cell data to inves-
tigate spermatogenesis contributes to enhancing our understanding of male fertility and spermatogenesis.
Although two SSC clusters were identified in the present study without performing functional assays,
further studies involving the isolation of SSC xenografts by cell surface markers can improve the current
findings.
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dilution: 1:1000
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Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488); Abcam Cat# ab150077; RRID:AB_2630356
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type IV collagenase
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Deoxyribonuclease | (DNase )
DMEM

Fetal Bovine Serum (FBS)

Bovine Serum Albumin (BSA)
0.4% Trypan Blue staining solution

Worthington Biochemical
Corporation

Sangon Biotech
Sigma-Aldrich
ThermoFisher
ThermoFisher
Sigma-Aldrich
Sigma-Aldrich

Cat# LS004188

Cat# E607002-0100
Cat# D4527

Cat# C11995500BT
Cat# 16140071
Cat# A9647

Cat# T8154

Critical commercial assays

Metenyi Dead Cell Removal Kit
10x Chromium Next GEM Single
Cell 3 Reagent Kits v3.1

Metenyi Biotec

10x Genomics

Cat# 130-090-101
Cat# 1000147

Deposited data

Single-cell RNA-seq data

This paper

GEO: GSE190477

Software and algorithms

Cell Ranger v 3.1.0

Seurat R package v 3.1.1
Harmony R package v 0.1.0
Monocle R package v 2.22.0
CellChat R package v 1.1.3
TMHMM Server v 2.0
ggplot2 R package v 3.3.6

GO (DAVID)

R version 4.1.3

10x Genomics
135

136
137
126
138
https://cran.r-project.org/web/

packages/ggplot2/index.html
139,140

https://cran.r-project.org/

RRID:SCR_017344
RRID:SCR_016341
RRID:SCR_022206
RRID:SCR_016339
RRID:SCR_021946
RRID:SCR_014935
RRID:SCR_014601

RRID:SCR_001881
RRID:SCR_001905

Other

70 um cell strainer

40 um cell strainer

lllumina NovaSeq 6000

UOA_WB_1 buffalo genome assembly

NEST
NEST
lllumina

NCBI

Cat# 258368

Cat# 258369

RRID:SCR_016387

RefSeq assembly accession: GCA_003121395.1
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Qiang Fu (gxfug@gxu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® All sequencing data in this paper have been deposited at GEO (GSE190477) and are publicly available as
of the date of publication. Accession numbers are listed in the key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All strategies related to testicular experiments were conducted under CIOMS protocols approved by the
Animal Experimentation Ethics Committee (AEEC) of Guangxi University, Nanning, China. The testes of a
prepubertal (3-month-old) and a pubertal (24-month-old) normal healthy male buffalo were obtained from
the Guangxi Key Laboratory of Buffalo Genetics, Reproduction and Breeding, and from a local slaughter-
house, respectively.

METHOD DETAILS

Buffalo testes sample preparation

Testes from a 3-month-old (prepuberty) and a 24-month-old (puberty) healthy buffalo were washed three
times with pre-cooled DPBS to remove the testicular white membrane and epithelium, then instrumented
to disrupt testicular tissue and cut into fractions. Single testicular cells were isolated with a two-step enzy-
matic digestion protocol described previously.”” Briefly, the cells were incubated with 1 mg/mL type IV
collagenase for 8 minat 37°C with a shaker (100 rpm) and washed twice with pre-cooled DPBS. Subse-
quently, 0.25% Trypsin-EDTA and 0.25 mg/mL DNase | were added and incubated in an incubator at
37°C for 10 min with 15 gentle pulses every 3 min with a blunt tip. Afterward, the digestion was stopped
by adding an equal volume of DMEM medium containing 10% FBS. Single testicular cells were obtained
by filtering through 70 um and 40 um cell strainer, centrifuged at 800 g for 5 min, and washed with pre-
cooled DPBS. Then, cells were counted with a hemocytometer and resuspended in phosphate-buffered
saline adding 0.4% bovine serum albumin at an adjusted concentration of ~1000 cells/uL for scRNA-seq
loading. Cell viability was 92% for prepubertal samples and 86% for pubertal samples using the Metenyi
Dead Cell Removal Kit to remove dead cells and cell debris.

10x genome library preparation and sequencing

Single-cell suspensions were obtained in tiny volumes and an equal volume of 0.4% trypan blue staining
solution was added for cell quality control, and the available cell concentration was adjusted to the desired
concentration (1000-2000 cells/ul). Afterward, the cell suspension was loaded onto a 10x Genomics
GemCode Single-cell instrument, and cell capture and library preparation were performed according to
the Chromium Next GEM Single Cell 3’ Reagent Kits v3.1 instructions. In addition, high-throughput
sequencing of libraries was performed using the PE150 sequencing mode of the lllumina sequencing plat-
form (NovaSeq 6000) at Guangzhou Genedenovo Biotechnology Co., Ltd.

Genome alignment and gene expression quantification

10x Genomics Cell Ranger software (v3.1.0) was used to convert the raw BCL files to FASTQ files, as well as
for alignment, and counts quantification. Later, reads with low-quality barcodes and unique molecular
identifiers (UMls) were filtered out and then mapped to the reference genome (UOA_WB_1). In particular,
reads uniquely mapped to the transcriptome and intersecting an exon at least 50% were considered for
UMI counting. Before quantification, the UMI sequences were corrected for sequencing errors, and valid
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barcodes were identified based on the EmptyDrops method.'*" The cell-by-gene matrices were produced
by UMI counting and cell barcode calling.

Cell clustering and annotation

The cell-by-gene matrices for each sample were individually imported to Seurat (v3.1.1)"*° for downstream
analysis. Primarily, the filtering conditions were as follows: the percentage of the mitochondrial gene was
less than 10%, the number of genes that could be detected per cell was 200, and each gene was expressed
in a minimum of three cells. Moreover, data was normalized using the LogNormalize method, and the
FindVariableFeatures function was used to identify highly variable genes. Samples were integrating using
Harmony ' to remove batch effects and select the first 30 dimensions for analysis. Eventually, tSNE dimen-
sionality reduction was performed using the Seurat function RunTSNE. The Seurat function FindAlIMarkers
(test used "wilcox” and "min.pct” set to 0.25) was used to calculate marker genes for each cell cluster
(Tables ST and S3). Meiosis-associated and spermiogenesis-related genes were calculated by the Seurat
function FindMarkers (min.pct = 0.65, only test genes detected in a minimum fraction of 65% cells in either
of the two populations), and the remaining parameters use default settings (Figures 3B, 4B and Table S4).
GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed using
DAVID (https://david.ncifcrf.gov/home.jsp).'3714°

Single-cell trajectory analysis

The single-cell trajectory was analyzed using the matrix of cells and gene expression by the Monocle
package in R software (v2.22.0)"*” by the documentation provided. After annotating cell types in Seurat
and constructing cell developmental trajectories according to unsupervised analysis methods (DEGs:
mean_expression >0.1 and num_cells_expressed >10), the reverse graph embedding "DDRTree" algo-
rithm was used to dimensionalize the data after downscaling and aligning cells in pseudotime. The cell tra-
jectory plots and heatmap visualization were performed based on the feature values of pseudotime, cell
type, and specified genes. All line plots were constructed according to the “loess model” fitted curve in
the ggplot2 package, with the horizontal coordinates plotted according to the cell type ordered by the
pseudotime value.

Prediction of transmembrane (TM) helices in proteins

TMHMM is an HMM-based (Hidden Markov Model) TM protein prediction tool.'*® The protein sequence
was extracted in the FASTA format and calculated by default. The output is presented as following: The
length of the amino acid sequence of the protein encoded by the gene is represented by length. ExpAA
shows the predicted number of amino acids in the TM helix, and if this score is higher than 18, the protein
is the most likely TM or contains a signal peptide structure. First60 refers to the expectation value of amino
acids predicted to be TM helices in the first 60 amino acids in the N-terminal protein, predicting the likeli-
hood of the TM helix structure at the N-terminal to be the signal peptide. PredHel predicts the number of
TM helices by N-best. The N-best topology determines the final TM result, with “i" indicating that the pro-
tein is associated with the inner membrane and "o indicating that the protein is associated with the extra
membrane.

Comparison analysis of PRE- and PERI-derived testicular cells using CellChat

After homologous transformation of buffalo genes to human genes and subsequent analysis, the testicular
cell-cell communication network was calculated using the CellChat package in R software (v1.1.3)."?° The
expression matrices after standardization of PRE- and PERI-derived cells were extracted from the Seurat
objects and then merged by upgrading the CellChat objects after their creation, followed by comparative
analysis.

Hematoxylin and eosin staining

The prepared paraffin slices of prepubertal and pubertal testes were deparaffinized, transferred to distilled
water for 5 min, stained in hematoxylin for 15 min, and then flushed under flowing water for 3's in 1% hy-
drochloric acid solution. Subsequently, the slices were rinsed for 20 min under flowing water, followed
by sequential immersion in an alcohol gradient of 70%, 80%, and 90% for 5 min per concentration, and
then immersed into 1% eosin staining solution for 10 min. The slices were sequentially dehydrated and
made transparent in 95% alcohol (5 min), 100% alcohol | (5 min), 100% alcohol Il (5 min), dimethylbenzene
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s alcohol = 1:1 (10 min), dimethylbenzene | (10 min), dimethylbenzene Il (10 min), air-dried, and sealed with
coverslips until microscopic examination and image capture.

Immunostaining of buffalo testicular tissue

To improve the permeability of the cell membrane, paraffin sections were deparaffinized, and antigen
retrieved (pH 6.0 sodium citrate buffer) and incubated in a 1% Triton X-100-PBST solution for more than
30 min. Thereafter, a 5% BSA blocking solution was poured dropwise onto the sections and sealed at
room temperature for 1 h. After incubating each slide overnight at 4°C with the appropriate proportion
of diluted primary antibody poured dropwise, the appropriate dilution of fluorescent secondary antibody
was added and incubated for 1 hat room temperature, avoiding light, DAPI stained (nuclei), blocked, and
observed under a fluorescence microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical details of the scRNA-seq data can be found in the figure legends. In Figures 1F, 3B, 4B, S2B-
S4B, and S6A and Tables S1, S3, and S4, Wilcoxon rank sum test was performed. The CellChat function
netVisual_bubble was used to visualize ligand-receptor interactions (Figure 7D and Table S9). Detailed
information on functional enrichment was included in Figures 1G, 5A, and S6E and Tables S2 and S5.
The significant level described above was defined as p-value <0.05. In Figures 2E, 3F, 4E, 6D, and S4E,
the pseudotime-dependent genes (g-value <0.01) were calculated by trajectory analysis and were for visu-
alization. R (v4.1.3) was used for data processing and visualization.
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