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Single-cell RNA sequencing reveals atlas of dairy goat

testis cells

Single-cell RNA sequencing (scRNA-seq) is useful for
exploring cell heterogeneity. For large animals, however, little
is known regarding spermatogonial stem cell (SSC) self-
renewal regulation, especially in dairy goats. In this study, we
described a high-resolution scRNA-seq atlas derived from a
dairy goat. We identified six somatic cell and five
spermatogenic cell subtypes. During spermatogenesis, genes
with significantly changed expression were mainly enriched in
the Notch, TGF-B, and Hippo signaling pathways as well as
the signaling pathway involved in the regulation of stem cell
pluripotency. We detected and screened specific candidate
marker genes (TKTL1 and AES) for spermatogonia. Our study
provides new insights into goat spermatogenesis and the
development of testicular somatic cells.

The testis is the most complex organ of the transcriptome
and expresses more than 80% of the protein-coding genes in
humans and other species (Melé et al., 2015; Soumillon et al.,
2013). The complexity of the testicular transcriptome is closely
related to spermatogenesis, which is a complex and
continuous process that occurs asynchronously in the
seminiferous tubules. There are usually 4-5 waves of
spermatogenesis in the seminiferous tubules of adult
mammals, which makes the separation and molecular
characterization of the various substages of spermatogenesis
difficult (Oakberg, 1956). In recent years, our understanding of
spermatogenesis has relied on histological evaluation and
expression of marker genes (de Rooij, 2017; Gaysinskaya &
Bortvin, 2015; Mays-Hoopes et al., 1995). The most common
methods for analyzing and obtaining different cell types
include fluorescence-activated cell sorting (FACS) and STA-
PUT (Liu et al., 2015), especially for large animals such as
livestock (Chen et al.,, 2017; Du et al., 2021; Shah et al.,
2018). However, FACS is hampered by a lack of specific
markers, and can only isolate limited subtypes of enriched
male germ cells. These limitations have been problematic for
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deciphering the molecular hallmarks of the various substages
of spermatogenesis, and for elucidating the molecular basis
and transcriptional dynamics of the mitotic-to-meiotic switch in
mammals. However, the advancement of single-cell RNA
sequencing (scRNA-seq) technology has expanded our
understanding of heterogeneous tissues, especially
mammalian embryos and reproductive organs (Shami et al.,
2020; Xiang et al., 2020; Yan et al., 2013).

scRNA-seq is an unbiased method that can sequence
thousands of cells in a single experiment, as well as obtain
thousands of individual features per cell and provide ultra-
high-resolution transcriptomes of animal tissues and organs
(Choi & Kim, 2019). After cluster analysis, data can be
ordered according to the cell development pathway to form
continuous, dynamic, and heterogeneous differentiation
process. Currently, scRNA-seq has been widely used in the
study of mammalian spermatogenesis (Lau et al., 2020;
Shami et al., 2020; Tan et al., 2020).

Guo first used scRNA-seq to analyze human
spermatogonial stem cells rich in SSEA4* and c¢-KIT*, and
obtained new candidate spermatogonial stem cell marker
genes, including TCF7, PIWIL2, and BMPR1A/B (Guo et al.,
2017). Subsequently, scRNA-seq was applied to analyze the
entire testicular tissue in mice and humans, with cells divided
into germ cell and somatic cell clusters. In mice, four germ cell
clusters and seven somatic cell clusters were defined (Green
et al., 2018). In humans, testis cells were subdivided into eight
germ cell clusters, and five somatic cell clusters (Guo et al.,
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2018). Furthermore, given that the composition and proportion
of cells in the testis vary with age, scRNA-seq has also been
used to analyze and compare testicular tissues in different
periods and species (Guo et al., 2021; Hermann et al., 2018;
Lau et al., 2020; Liao et al., 2019; Shami et al., 2020; Tan et
al., 2020).

Different from the first wave of spermatogenesis in postnatal
mice (Oakberg, 1957), humans and large animals (monkeys,
pigs, cattle, and sheep) have puberty. And the testes of large
prepubertal animals usually do not have whole
spermatogenesis. Although the process of spermatogenesis is
similar in mammals, it is still difficult to translate knowledge
generated in mice to large animals due to the existence of
puberty. Existing research has mainly focused on higher
primates, and there is a lack of research and data on large
domestic animals (Lau et al., 2020; Shami et al., 2020). In
addition, although scientists have made considerable efforts to
understand processes through the isolation and analysis of
specific germ cells, much remains unknown.

Here, we used the 10x Genomics Platform to perform
scRNA-seq on the testis of a pre-sexual young Guanzhong
dairy goat. Germ and somatic cells were grouped according to
the marker genes in sheep, mice, humans, and monkeys, and
six somatic cell groups and ten germ cell subgroups were
determined. Our research revealed specific marker genes for
the development of mammalian puberty somatic cells and
spermatogenic cell subtypes in dairy goats.

Guanzhong dairy goat testis tissue was separated into
single cells for scRNA-seq. The single-cell library was
constructed using the Chromium™  Controller and
Chromium™ Single Cell 3' Reagent v2 Kit (10x Genomics,
USA). scRNA-seq was performed using the lllumina Hiseq 4 000
platform (BGI-Shenzhen, China). After removing low-quality
reads, Cell Ranger v3.0.2 was used for gene expression
quantification and cell-type identification based on cell
barcodes and unique molecular identifier (UMI) information of
reads in every single cell. The matrix data file generated from
the 10-fold genomics alignment was used as input in the
Seurat package in R for subsequent analysis, including cell
type identification, principal component analysis (PCA), and t-
Stochastic-Neighbor Embedding (t-SNE) dimensionality
reduction to visualize single-cell clustering. Several clusters
from the t-SNE plot were used for pseudotime analysis with
Monocle 2. Through data filtering, normalization, cell
classification and clustering, key gene selection,
dimensionality reduction, and sorting, the pseudotime
trajectory of germ cells in spermatogenesis was obtained.
Functional enrichment of marker genes within each cluster
was then investigated by Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses.

We sequenced 11 753 cells and selected 3 890 cells in the
range of 200 to 6 000 feature RNAs. These cells were divided
into 13 clusters, including four clusters of somatic cells and
nine clusters of germ cells (Figure 1Ai). The expression
patterns of known marker genes and GO analysis assigned
the nine germ cell types to spermatogonia (UTF1, FOXO1),
early spermatocytes (SYCP2, SYCP3), late spermatocytes
(ACR, LCAS5), round sperm (TEX29, ACRV1), and sperm
(PRM1, TNP2) in the germ cell (DDX4) cluster
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(Supplementary Figure S1).

The process of spermatogenesis in mammals requires the
support of a specialized microenvironment (i.e., niche)
composed of multiple somatic cell types (Morrison and
Spradling, 2008; Scadden, 2006). Here, the somatic cell
clusters (Clusters 7, 10, 11, and 12) were re-clustered and
subdivided into eight somatic cell clusters (Figure 1Aii).
Clustering analysis of these somatic cells revealed six major
cell types. All clusters were identified as known cell types
based on previously reported cell type-specific marker genes:
i.e., Sertoli cells (SOX9), Leydig cells (INSL3), endothelial
cells (HEST), myoid cells (ACTAZ2), macrophages (CD83), and
T cells (NKG7) (Supplementary Figure S2).

Guo et al. (2020) identified two types of immature Sertoli
cells in pubertal testes, which eventually develop into the
same type of mature Sertoli cells, and myoid and Leydig cells,
which develop and differentiate from the same progenitor.
However, this phenomenon does not exist in mice (Bellvé
et al.,, 1977; Tharmalingam et al., 2018). To explore whether
this condition is prevalent in adolescent dairy goat testes, we
analyzed and examined the Sertoli cell population (Clusters 1,
2, and 6 in Figure 1Aii), Leydig cell population (Cluster 4 in
Figure 1Aii), and myoid cell population (Cluster 0 in
Figure 1Aii). Cluster analysis defined three Sertoli clusters,
and Monocle pseudotime analysis divided the cells of these
clusters into three different states. As the peseudotiming
progresses, the two initial states were merged into the same
state, which we defined respectively as Immature 1, Immature
2, and Mature Sertoli (Figure 1Bi). Through correlation
analysis and identification, Cluster 6 corresponded to Mature
Sertoli and was rich in ribosomal protein genes
(Supplementary Figure S2). Unlike Guo et al. (2020), cluster
analysis did not initially place the Leydig and myoid cells into
one large cluster, but instead into two separate clusters.
However, Monocle pseudotime analysis showed that the
Leydig and myoid cells are differentiated from common
progenitor cells (Figure 1Bii), as also reported in the result of
Guo et al. (2020).

To study each germ cell type and subtype during
spermatogenesis in dairy goat, we re-clustered the germ cell
clusters (Clusters 0, 1, 2, 3, 4, 5, 6, 8, and 9 in Figure 1Ai).
Cell types were determined based on known marker genes:
Clusters 8 and 9 were spermatogonia and early
spermatocytes, Clusters 1, 2, 4, and 6 were late
spermatocytes, Clusters 5 and 7 were round spermatids, and
Cluster 3 was sperm cells (Figure 1Ci). Monocle pseudotime
analysis verified our conclusions. The germ cell clusters were
arranged from left to right to form a continuous curve
(Figure 1Cii). Monocle was used to analyze differentially
expressed genes during spermatogenesis.  During
spermatogenesis, genes showing significant changes in
expression were mainly enriched in the Notch, Hippo, and
TGF-B signaling pathways, as well as the signaling pathway
regulating the pluripotency of stem cells (Figure 1D). Genes
specifically expressed at the beginning of spermatogenesis
were mainly enriched in chromatin binding, DNA binding,
positive regulation of transcription, and enhancer sequence-
specific DNA binding. With progressing spermatogenesis, late
spermatocytes mainly expressed genes related to adenosine
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Figure 1 Single-cell RNA sequencing reveals atlas of dairy goat testis cells

Ai: t-SNE cluster containing 3 890 cells (cells are colored by 13 broad cell types). Aii: t-SNE diagram of somatic cells in testis of dairy goat (cells are
colored by eight broad cell types). Bi: Pseudotime trajectory analysis of Sertoli cells. Bii: Pseudotime trajectory analysis of Leydig and Myoid cells.
Ci: t-SNE image of testicular germ cells in dairy goats (cells are colored by 10 broad cell types). Cii: Pseudotime trajectory analysis of germ cell
clusters. Shades of blue indicate sorting according to pseudotime value. D: KEGG analysis of main differentially expressed genes during
spermatogenesis. E: t-SNE diagram of re-clustering of spermatocytes and spermatogonia in dairy goat testes (cells are colored by seven broad cell
types). F: Expression distribution of TKTL7 in spermatogonia clusters. G: Immunohistochemical staining for TKTL1 expression in dairy goat. Red

arrows indicate spermatogonia. Scale bar: 50 ym.

triphosphate (ATP)  binding, nuclear  acid-binding,
spermatogenesis, and male meiosis. At the end of
spermatogenesis, sperm cells specifically expressed genes
related to sperm motility, cell differentiation, and cell fate
determination (Supplementary Figure S3).

In mammalian testes, the proportion of stem cells is
particularly low. In rodents, for example, stem cells account for
only ~0.03% of testicular germ cells (Tagelenbosch & de
Rooij, 1993). In the current study, only ~10 cells were defined
as spermatogonia. As such, it was not possible to classify
them individually. So we chose germ-cell Clusters 8 and 9
(Figure 1Ci) for re-clustering and grouping and used known
marker genes in humans and mice (SOHLH1, UTF1, ZBTB16,
and FOXO1) to identify Cluster 6 as a spermatogonia cluster
(Figure 1E; Supplementary Figure S4). However, many
marker genes common in humans and mice, including SALL4,
PIWIL4, TSPAN33, and GFRA1 (Fayomi & Orwig, 2018;
Lovelace et al., 2016; Wang et al., 2018; Wei et al., 2021a, b),
were barely distributed in the dairy goat spermatogonia
clusters. This may be due to the small proportion of

undifferentiated spermatogonia in the spermatogonia clusters
obtained in our study. We performed functional enrichment
analysis of spermatogonia clusters, and results showed that
compared with early spermatocytes, spermatogonia marker
genes were significantly enriched in protein binding,
cytoplasm, and extracellular exosome-related pathways.
Related pathways such as ubiquitin-binding and regulation of
cell migration were also enriched (Supplementary Figure S4).
To determine the specific marker genes of spermatogonia in
dairy goat, we further analyzed the specific expression genes
of the spermatogonia clusters. We selected AES and TKTL1
as candidate marker genes for spermatogonia in dairy goat.
Transketolase 1 (TKTL1) plays an important role in the
pentose phosphate pathway (PPP) branch (Zheng & Li, 2018).
Furthermore, AES, also known as Groucho-related gene 5
(GRGS5), is a multifunctional protein with functions in stem cell
biology and can be used as a stem cell and as an indicator of
neural fate (Chanoumidou et al., 2018). We analyzed the
location and expression of these two genes in the dairy goat
germ cells (Supplementary Figure S4) and their location in the
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spermatogonia cluster (Figure 1F). Rolland found that the
TKTL1 protein is expressed throughout the maturation
process of germ cells, with spermatogonia exhibiting the
strongest labeling (Rolland et al., 2013). Our results showed
that AES expression was highest in the heart tissue, with
moderate expression in the testis (Supplementary Figure S5),
whereas TKTL1 expression was highest in the testis tissue
and localized in the spermatogonia (Figure 4F), confirming
that TKTL1 is a specific marker gene for dairy goat
spermatogonia. These results were further verified using
sheep data (Figure S5).

In our research, the dairy goat testicular cells were divided
into six somatic cell (i.e., Sertoli, Leydig, endothelial, myoid,
macrophage, and T cells) and 10 germ cell subgroups. Among
these cells, Monocle was used to analyze the trajectory of the
Sertoli cells. Results showed that both immature and mature
Sertoli cells existed in the testes of the 100-day-old dairy goat,
and mature Sertoli cells developed from two immature Sertoli
cells. Although cluster analysis divided Leydig and myoid cells
into two independent clusters, the pseudotime trajectory
showed that these two types of cells were differentiated from
the same progenitor cell. Our results confirmed that, unlike
mice, the Sertoli, Leydig, and myoid cells had similar
developmental trajectories and fates in pubertal dairy goat
testes.

We identified five types of germ cells, namely
spermatogonia, early spermatocytes, late spermatocytes,
round sperm, and sperm. Differential analysis was carried out
according to the gene expression of each type of cell, and the
characteristic genes specifically expressed by the cell cluster
were obtained. The discovery of new characteristic genes will
provide important molecular markers for future research on
male goat reproduction. The pseudotime differentiation
trajectory of the germ cells was successfully constructed
based on Monocle analysis. During spermatogenesis, genes
with significant changes in expression level were mainly
enriched in the Notch, Hippo, and TGF-§ signaling pathways,
as well as the signaling pathway that regulates stem cell
pluripotency. Our studies found that the related pathways of
spermatogenesis in dairy goats are roughly similar to those of
humans and mice. We also screened and identified specific
genes expressed in Guanzhong dairy goat spermatogonia,
i.e., TKTL1 and AES, and verified the expression of TKTL1
and AES in sheep (Yang et al., 2021).

In summary, we applied scRNA-seq technology to analyze
the process of spermatogenesis in Guanzhong dairy goats at
the single-cell level for the first time, revealing the somatic
development of dairy goats during puberty. The results of this
study should enrich our understanding of the spermatogenesis
of Guanzhong dairy goats and provide theoretical and
technical support for dairy goat breeding research.
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