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Abstract

Low sperm motility is a significant contributor to male infertility. beta-defensins have been implicated in host defence
and the acquisition of sperm motility; however, the regulatory mechanisms governing their gene expression pat-
terns and functions remain poorly understood. In this study, we performed single-cell RNA and spatial transcriptome
sequencing to investigate the cellular composition of testicular and epididymal tissues and examined their gene
expression characteristics. In the epididymis, we found that epididymal epithelial cells display a region specific-

ity of gene expression in different epididymal segments, including the beta-defensin family genes. In particular,
Defb15, Defb18, Defb20, Defb25 and Defb48 are specific to the caput; Defb22, Defb23 and Defb26 to the corpus; Defb2
and Defb9 to the cauda of the epididymis. To confirm this, we performed mRNA fluorescence in situ hybridisa-

tion (FISH) targeting certain exon region of beta-defensin genes, and found some of their expression matched

the sequencing results and displayed a close connection with epididimosome marker gene Cd63. In addition, we
paid attention to the Sertoli cells and Leydig cells in the testis, along with fibroblasts and smooth muscle cells

in the epididymis, by demonstrating their gene expression profile and spatial information. Our study provides a sin-
gle-cell and spatial landscape for analysing the gene expression characteristics of testicular and epididymal environ-
ments and has important implications for the study of spermatogenesis and sperm maturation.
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Introduction

In recent years, male fertility has decreased significantly,
and one of the important reasons for male infertility is
low sperm motility. The sperm cells within the testes of
mammals are immature and incapable of fertilisation [1].
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Acquisition of sperm motility and maturation occurs in
the epididymis [2—4], making it important to understand
the epididymal microenvironment of sperm maturation.
The epididymis contains a long, highly coiled tube that
connects the testes to the vas deferens. It can be divided
into three parts: the caput, corpus, and cauda, which
exhibit highly segment-specific characteristics [5]. There
are four main types of epithelial cells within the epididy-
mal duct: narrow, clear, principal, and basal cells [6].
Principal cells are the major type of epididymal epithelial
cells that are distributed in all three segments and con-
stitute up to 80% of the tubular epithelium. The principal
cells in the caput region demonstrate heightened protein

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12964-024-01637-3&domain=pdf

Zhang et al. Cell Communication and Signaling (2024) 22:267

synthesis and secretion activity, housing numerous secre-
tory organelles including the endoplasmic reticulum,
Golgi apparatus, and secretory granules, which exhibit
active exocytosis activity [7-10]. Principal cells in the
caudal region mainly play a role in ingesting the con-
tents of the epididymal lumen through a receptor-medi-
ated mechanism and reabsorbing the epididymal fluid
together with clear cells [11]. Clear cells were extensively
distributed throughout the caput and corpus regions of
the epididymis, with a notable concentration observed
in the cauda region. The apex region of clear cells con-
tains rich endocytotic structures, demonstrating a strong
endocytosis capacity, and is responsible for regulating
lumen pH [5]. Narrow cells are mainly distributed in
the initial segment of the epididymis and their function
remains unclear.

The liquid microenvironment in the epididymal duct
provides a platform for sperm motility and maturation.
The ionic components of epididymal fluid are unique
and show segmental specificity. The epididymal fluid
is acidic to ensure that the sperm remains in a resting
state and contains abundant protein components, such
as albumin and lectins [12, 13]. In addition, epididymal
epithelial cells regulate sperm state through ionic compo-
nents. For example, Ca®* secreted by epididymal epithe-
lial cells regulates the activity of proton pumps, thereby
regulating the epididymal pH [5]. Simultaneously, Ca*"
in the epididymal fluid directly regulates sperm function
through the cation channel of sperm (CatSper) in the fla-
gella [12].

Numerous studies have shown that many innate immu-
nity secretory genes, including beta-defensin genes, are
expressed in epididymal epithelial cells and play impor-
tant roles in sperm motility acquisition and maturation
[14-20]. beta-defensins are a class of cationic polypep-
tides rich in arginine and have a broad spectrum of
antimicrobial activity [21, 22]. Many defensin genes are
expressed in epididymal epithelial cells, and the defensin
proteins encoded by these genes are believed to act syn-
ergistically in the epididymal fluid, thereby jointly realis-
ing the protection, maturation, and fertilisation abilities
of sperm in the epididymal duct [23, 24]. In vitro experi-
ments have shown that recombinant defensins possess
dose-dependent antibacterial activity and that these anti-
microbial peptides bind to the surface of sperm to protect
them from bacterial or viral attacks within the genital
tract [15]. The expression of beta-defensin family genes
demonstrated segmental specificity in the epididymis.
Defensin beta 12 (Defb12), Defbl5, and Defbl7 are
reported to be expressed in the caput of the epididymis,
while Defb22 and 28 are expressed in the corpus and
cauda segments of the epididymis [14, 25-28]. Numerous
studies have shown that the knockout of neighbouring
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beta-defensin family genes on chromosome 8 in mice
hinders calcium regulation and the acrosomal reac-
tion of sperm [29, 30]. Binlb is a rat epididymis-specific
beta-defensin gene with human genetic homology whose
protein can bind to the sperm head in different ways,
promoting the motility of immature sperm by activat-
ing the L-type Ca®" channel of sperm [15]. These above
studies have demonstrated that beta-defensin family
genes play a crucial role in sperm maturation and even
fertility, but little is known about the underlying mecha-
nisms that regulating their expression and function in the
epididymis.

The epididymal fluid is mainly composed of secre-
tions of epididymal epithelial cells, which release syn-
thesised ions and proteins into the epididymal fluid via
apical plasma secretion [31, 32]. Studies have shown that
principal and clear cells promote sperm maturation by
releasing epididymosomes to transport synthetic pro-
teins and small non-coding RNAs (sncRNAs) [33, 34].
With the application of widely used single-cell RNA
sequencing (scRNA-seq) technology, cell types and their
gene expression profiles at single-cell resolution can be
browsed within the testis and epididymis [35—40]. Single-
cell data have their own disadvantages because during
the preparation of single-cell samples, it needs to dissoci-
ate the testicular or epididymal tissues into a single-cell
suspension, losing the spatial location information of
identified cell clusters. Therefore, the combination of sin-
gle-cell and spatial transcriptome sequencing technology
will be more conducive for studying the cellular environ-
ment and molecular mechanisms of spermatogenesis and
sperm maturation.

In this study, we performed single-cell and spatial
transcriptomic sequencing to identify the cellular envi-
ronment of testicular and epididymal tissues and inves-
tigated their gene expression profiles. In addition, we
profiled different segments of the mouse epididymis and
described their gene expression characteristics, as well
as the segmental specificity expression of beta-defensin
family genes. Our data will aid in comprehending the
underlying mechanisms of beta-defensin gene expression
patterns, offering a comprehensive perspective on both
spermatogenesis and sperm maturation.

Result.

Cell compositions and their gene expression profile

in mouse testis

With the exception of spermatogenic cells, other resi-
dents in the testis and epididymis play crucial roles in
sperm development. To examine their gene expression
profiles and spatial information, we conducted single-
cell RNA sequencing (scRNA-seq) using the DNBSQ
platform for four samples. Additionally, spatial analysis



Zhang et al. Cell Communication and Signaling (2024) 22:267

was performed on testicular and epididymal samples
using the 10X Genomics platform. The four scRNA-seq
samples included one testicular and three epididymal
samples (Fig. 1A). After removing the low-quality cells,
45,852 cells were obtained for subsequent analysis using
Seurat V4 [41]. According to the marker gene expres-
sion in each cell group (Fig. 1B and C), the obtained cells
were mainly classified into 11 cell clusters, among which
testicular cells contained Leydig cells, Sertoli cells, and
spermatogenic cells, which were mainly composed of
principal cells, clear cells, fibroblasts, smooth muscle
cells, and immune cells (Fig. 1D, Fig. S1A). Sperm develop
in the testes and undergo motility and maturation in the
epididymis, highlighting the importance of gaining a
comprehensive understanding of the cell subpopulations
within both organs. The mammalian epididymis contains
a long, highly coiled tube, where sperm acquire motil-
ity and maturation for fertilisation (Fig. 1E). To obtain
the landscape of spatial gene expression profiles of the
mouse testis and epididymis, we performed visible spatial
transcriptome sequencing on the crosscut (Fig. 1F) and
longitudinal sections (described below) and predicted
the location of single-cell clusters on the spatial samples
using Cell2location package.

First, to further explore the cellular environment of
spermatogenesis in the testis, we extracted testicular
cells and set the resolution to 1.2 to reclassify them. We
obtained nine subsets based on marker gene expres-
sion (Fig. 2A, Fig. S1B, and C, Table S1). These cell sets
included Sertoli cells, Leydig cells, fibroblasts, spermato-
gonial cells (SPG), early spermatocyte cells (Early SPC),
Late SPC, early round spermatids (Early RST), Late RST
and Elongated spermatids. We used CellChat to evaluate
the cell-cell communication among these subpopula-
tions of testicular cells, and showed that the output sig-
nalling pattern from each cell cluster is closely related
to its function; for example, Sertoli cells display positive
CLDN signals, which are connected with tight junctions,
and SPG is closely related to the maintenance of stem cell
characteristics (Fig. 2B). The UMAP plot data showed
that spermatogenic cells were distributed as long lines
from early stage SPG to late RST in the order of sperm
development. We also constructed single-cell 3D trajec-
tories using Monocle 3 and found that the spermatogenic

(See figure on next page.)
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cells were ordered by the pseudotime of natural sper-
matogenesis (Fig. 2C). The top 10 genes that contributed
to the trajectories were mainly involved in the transfor-
mation from late RST to Elongated spermatids (Fig. 2D).
Interestingly, serving as the support and nutrient sup-
ply centre for spermatogenic cells, the Sertoli cell highly
expressed cystatin 9 (Cst9), Cst12, and beta-defensin
genes (Defb19, Defb36), associated with antifungal innate
immune response (Fig. 2E and F). Furthermore, Defb33
was active in Late RST (Fig. S2A). Given the recognised
role of beta-defensins in sperm maturation, further
exploration of beta-defensin genes expression in testis is
warranted. In addition to the single-cell sequencing data,
the expression of Defb19, Defb33 and Defb36 were also
found in the spatial samples (Fig. S2B-D). To confirm
this, we performed RNA fluorescence in situ hybridisa-
tion (FISH) targeting certain exon regions of Defb19 and
found that mRNAof Defb19 is abundant in Sertoli cells
and early stage spermatogenic cells within seminiferous
tubule (Fig. S2E), revealing that beta-defensin maybe also
act during spermatogenesis.

Epididymal epithelium cells display a region-specific gene
expression profile

Epididymal cells comprise both epithelial and stromal
cells. Relevant functional studies have confirmed that
these cells have different spatial distributions and play
crucial roles in sperm maturation [11, 42]. To thoroughly
investigate the in detail information of epididymal epithe-
lial cells at the single-cell level, we extracted epididymal
epithelial cells, set the resolution to 1.2 for subdivision,
and obtained clear cells, basal cells, and six subsets of
principal cells according to the expression of their marker
genes (Fig. 3A and B, Table S2). Interestingly, the six
principal cell subsets exhibited distinct gene expression
patterns. For example, lipocalin 8 (Lcn8), Lcn9, Defb25
and solute carrier family 38 member 5 (S/c38a5) are spe-
cifically expressed in the caput region of the epididymis.
Defb22 and S100a4 were expressed in the corpus and
cauda, respectively (Fig. 3C and D). scRNA-seq data
have the resolution of a single cell but lose spatial infor-
mation. While spatial transcriptome data offer a spatial
perspective on gene expression, the spot’s diameter is
significantly larger than that of a single cell. Therefore,

Fig.1 Single-cell and spatial transcriptomics analysis of mouse testicular and epididymal tissues. A Graphic landscape of this study design.
Testicular and epididymal tissues underwent scRNA-seq analysis using the DNBSEQ C4 platform. Both longitudinal and crosscut sections of these
tissues were then subjected to visium spatial transcriptomics using the 10x Genomics platform. B Uniform manifold approximation and projection
(UMAP) of 45,852 cells from 4 samples. C UMAP plots of all cells from 4 orig.ident samples. D Violin plots of related gene expression across 9
recognised cell clusters. E Representative H&E-stained section of the longitudinal section of mouse epididymis. Scale bar: 500 pm. F H&E staining
of tissue sections (left) and unbiased clustering of spatial spots (right) in the transverse section of testicular and epididymal tissues
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the communication probability of signaling patterns from each cell cluster. C Single-cell 3D trajectories of spermatogenic cells from single-cell
RNA sequencing data by Monocle 3. D Plots of Top 10 genes that contribute to the trajectories. E) DoHeatmap of top 4 genes in each cell cluster. F
Feature plots of associated gene expression across stromal subsets in mouse testis
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Fig. 3 Cell subsets of epididymal epithelium and their gene expression profile. A UMAP of epididymal epithelium cell subsets, including Clear
cell, Basal cell, and 6 subsets of principal cells, each cell cluster was shown in different colour. B Feature plots of epididymal epithelium associated
gene expression across these subsets. C UMAP plots of epididymal epithelium cells from 3 samples, including the caput, corpus, and cauda
region of epididymis. D DoHeatmap of top 5 genes in each cell cluster of epididymal epithelium. E Mapping spatial data with scRNA-Seq cell type

annotations by using Cell2location

integrating the analyses of both can harness the advan-
tages of each more effectively. Therefore, we applied the
Cell2location to map the location of cell clusters from the
scRNA-seq data [43, 44]. Through integrated analysis and
the mapping function of Cell2location, we obtained the
spatial distribution of the epididymal epithelium, among
which the six principal cell subsets displayed high region
specificity in different segments (Fig. 3E, Fig. S3).
Principal cells accounted for approximately 80% of
the epithelial cells within the epididymal duct (Fig. 4A)

and displayed a certain continuity within the entire
epididymal duct. In the crosscut spatial sample of the
epididymis, the spot cluster distribution showed a cer-
tain corresponded with the structural characteristics of
the epididymis (4B and 4C). The scRNA-seq data dem-
onstrated that some members of the beta-defensin gene
family display regional specificity in the epididymis while
lacking a spatial panoramic view. Hence, we initially
investigated the spatial expression of the entire beta-
defensin family genes on crosscut samples. We observed
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epididymides. Scale bar: 50 um. B Unbiased clustering of spatial spots in the crosscut spatial sample. C UMAP plot of spot transcriptome clusters
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in crosscut spatial sample of the epididymis. H Enlarged view of cauda epididymides in Fig. 1F. I Spatial gene expression features of Defb2, Defb9,

Csrp1, and Tpm2 in the crosscut spatial sample

that, while Defb25, Defb15, Defb21, Defb30 and Defb20
(described below) were expressed in caput, their expres-
sion located in significantly different region of the caput
epididymis (Fig. 4D and E). In the corpus epididymis, it
displayed a specific expression of Defb22, Defb23, ser-
ine protease inhibitor, Kunitz type 4 (Spint4), and Spint5

(Fig. 4F and G). Moreover, the caudal epididymis mainly
expressed Defb2, Defb9, cysteine and glycine-rich pro-
tein 1 (Csrpl) as well as tropomyosin 2 and beta (Tpm2)
(Fig. 4H and I). Therefore, these results revealed the
region specificity in epididymis, especially beta-defensins
family genes, indicating that different beta-defensins
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expressed in different regions might be involved in sub-
regional or coordinated regulation on sperm maturation
or motility acquisition, which need further investigation.
The expression of other beta-defensin genes was also
analysed (Fig. S4).

Second, to confirm the results of the crosscut spatial
sampling of the epididymis, we conducted a longitudinal
spatial sampling. In the longitudinal spatial sample, gene
expression was quite active in the initial segment of the
epididymis (Fig. 5A). We clustered the spots to exam-
ine their gene expression profiles (Fig. 5B). Subsequent
to that, we identified the beta-defensin genes of inter-
est and specifically observed the expression of Defbl18,
Defb48, Defb25, Defbl5 in the caput region; Defb21,
Defb30 and Defb29 in the region where the caput and
corpus connect; Defb26, Defb22 and Defb23 in the cor-
pus; Defb2 and Defb9 in the caudal region of epididymis.
This pattern aligns with the trends observed in the cross-
cut spatial sample. (Fig. 5C, Fig. S5). Mapping of spatial
data with scRNA-Seq cell type annotations in the longi-
tudinal spatial sample was also conducted by Cell2loca-
tion (S6A, B, and C), which showed a similar trend to the
crosscut spatial sample. Based on the distribution of the
spot clusters (Fig. 5D) and the structural characteristics
of the epididymis, we divided the longitudinal spatial
sample of the epididymis into 12 segments (Fig. 5E). As
segment 12 contains the internal and external regions of
the epididymal duct, segment 12 is divided into S12a and
S12b. Using the function of identifying Seurat markers,
we conducted gene expression analysis on 12 segments,
listing the top five genes and all gene expression profiles
(Fig. 5F). We also analysed the gene expression in each
segment (Table S3), which will provide a basis for follow-
up studies on epididymal region-specific expression.

mRNA of the beta-defensin genes showed a close
connection to epididimosome

The present study shows that the expression of beta-
defensin family genes displayed spatiotemporal speci-
ficity in the mouse epididymis. Other studies also
demonstrated that beta-defensin genes are active in the
epididymis and play important roles in sperm maturation
[21, 28, 45, 46]. Defb20 is specifically expressed in the
caput region of mouse epididymis and may be involved
in sperm maturation [45]. Our data also confirmed this
observation (Fig. 6A). In both crosscut and longitudinal
spatial samples, Defb20 was expressed in the caput region
(Fig. 6B and C). To confirm this, we performed RNA
FISH targeting certain exon regions of Defb20, Defb30,
and Defb9 in mouse epididymis FFPE sections and found
that the mRNA of Defb20 is specifically located in the
principal cells of the caput region (Fig. 6D). Interestingly,
Defb20 mRNA was not only present in the principal
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cells but was also abundant in sperm head, which gradu-
ally disappeared near the corpus region (Fig. 6E and F).
Proteins and small noncoding RNA (sncRNAs) synthe-
sised by principal cells are secreted into the epididy-
mal lumen via apocrine secretion. Exosomes produced
by epididymal epithelial cells act as transport carriers
to transmit proteins and scnRNAs to the sperm and
directly participate in the regulation of sperm matura-
tion [7, 47, 48], which is in agreement with our electron
microscopy observations (Fig. 6G, H, and I), providing a
way to communicate between somatic cells and sperm in
the epididymis. As an important marker gene associated
with exosomes, CD63 was active in the initial segment
(IS) region (Fig. 6], Fig. S7A). Through FISH co-staining
of Defb20 mRNA with the exosomal protein CD63, we
found that CD63 and Defb20 mRNA display a close asso-
ciation (Fig. 6K), revealing that Defb20 mRNA may be
transported by epididymosomes to the sperm; however,
further confirmation is required. In addition, the mRNA
of Defb30 and Defb9 were located in the corpus and
cauda regions, respectively (Fig. S7B and C), which was
in accordance with the single-cell and spatial sequenc-
ing data. To confirm this at protein level, we performed
immunofluorescence staining with DEFB121 (Defb21
homolog in human) antibody, and found it’s protein
expression pattern in epididymis showed similarity with
it's mRNA at single-cell and spatial level (Figs. 4E and 5C,
Fig. S7D-G). These findings suggest that beta-defensin
gene mRNA is synthesised not only in the epididymal
epithelium but also may be transported to the sperm
surface through epididymosomes. The presence of beta-
defensins’ mRNA in sperm head and its impact on sperm
maturation is worth further investigation.

Stromal cells and their spatial information in the mouse
epididymis

In addition to the main epididymal epithelial cells, the
mouse epididymis contains other cell types, including
fibroblasts, endothelial cells, smooth muscle cells, and
immune cells. These cell types and their associations
with epididymal epithelial cells are also important. We
extracted stromal cells and reclassified them according to
their gene expression profiles to obtain smooth muscle,
Endothelial, T cell, myeloid, cyclin, and three fibroblast
subsets (Fig. 7A, B, and C, Table S4). In terms of the tis-
sue structure, there were fewer fibroblasts in the caput
and corpus regions, which acted mainly as separation
compartments. Abundant fibroblasts and smooth mus-
cle cells were observed in the caudal epididymis. In this
study, we predicted the spatial localisation of stromal
cell subsets in scRNA-seq data and found that the dis-
tribution of these cell clusters was similar to the actual
situation. In addition, we obtained detailed localisation
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Fig. 5 The longitudinal spatial sample provided a more intuitive view ofgene expression with region specificity. A H&E staining of tissue sections
(left) and nCount_Spatial features (right) of the longitudinal spatial sample, the “nCount_Spatial features” represents the sum of all genes expressed
in each spot. B Unbiased clustering of spatial spots in the longitudinal spatial sample. C Spatial gene expression features of Defb18, Defb48, Defb25,
Defb15, Defb21, Defb30, Defb29, Defb23, Defb26, Defb22, Defb2, and Defb9 in longitudinal spatial sample. D The spatial distribution of spot clusters

in Fig. 5B on the longitudinal spatial sample. E The longitudinal spatial sample was segmented into 12 sections based on spot cluster distribution
and structural characteristics. F) Heatmap of top 4 gene in each segment

information for each cell subtype, such as the distribution
of the three fibroblast subsets in the epididymis (Figs. 7D VI, and alpha 5 (Col6a5), may act as the compartment

and S6B). Furthermore, the mapping data indicated

that Fibroblastl that highly expresses collagen, type

or boundary of different segments of the epididymis,
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Fig. 6 mRNA of Defb20 exhibit on sperm in the epididymal lumen. A Feature plot of Defb20 in all cell types. B Spatial gene expression features
of Defb20 in crosscut spatial sample. C Spatial gene expression features of Defb20 in longitudinal spatial sample. D RNA fluorescence in situ
hybridisation (FISH) staining of Defb20 with mouse epididymis. Scale bar: 500 um. E Enlarged view of Fig. 6D (red frame), showing mRNA of Defb20
to be positive in principal cell and sperm. Scale bar: 50 um. F Enlarged view of Fig.. 6D (white frame), showing positive of mRNA of Defb20 on sperm
to be tapered off for disappearing, in corpus region of epididymis. Scale bar: 50 um. G Electron microscope images of epididymal epithelium.
Cc: clear cell, Pc: principal cell. Scale bar: 5 um. H Electron microscope images of principal cell with apocrine activity. Scale bar: 500 nm. | Electron
microscope images of epididymal lumen showing epididymosomes around the surface of sperm. Scale bar: 500 nm. J Representative IF staining
of CD63 in epididymis, IS: initial segment. Scale bar: 50 um. K Representative IF staining of CD63 and FISH staining of Defb20 mRNA in the caput
region of epididymis. Scale bar: 50 um

(See figure on next page.)

Fig. 7 Stromal cells and their gene expression profile in mouse epididymis. A UMAP of stromal cell subsets, including Smooth muscle, Endothelial,
Myeloid, T cell, Cycling and 3 subsets of fibroblast; each cell cluster is shown in different colour. B Feature plots of associated gene expression
across these subsets. C DoHeatmap of top 5 genes in each cell cluster of stromal cell subsets. D Mapping spatial data with scRNA-Seq cell type
annotations by using Cell2location. E Spatial gene expression features of Col6a5 and Apod in the crosscut and longitudinal spatial sample. F
Distribution of Col1al_lgta5 receptor-ligand interactions in the longitudinal sptial sample. G VISFATIN signalling pathway in the longitudinal

sptial sample. H Enlarged view of cauda epididymides in Fig. 1F (blue frame), showing smooth muscle (green arrow) around ductus epididymidis
and fibrous boundary (red arrow) in the cauda region of epididymis. | Spatial gene expression features of Myh11 in the crosscut and longitudinal
spatial sample. J) Representative IF staining of MYH11 and Defb9 mRNA FISH staining in the posterior region of caudal epididymis. Scale bar: 50 pm
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while Fibroblast3 that highly expresses apolipoprotein D
(Apod) and chordin-like 1 (Chrdll), is distributed in both
the caput and cauda regions of the epididymis, indicat-
ing active signal transduction (Fig. 7E, Fig. S8A and B).
We utilised stlearn for the spatial communication analy-
sis of our samples, revealing a highly active distribution
of the integrin family and its ligand receptor pairs in the
longitudinal spatial sample (Fig. 7F). We also used Cell-
Chat to evaluate spatial cell-cell communication among
the 12 segments in the longitudinal spatial sample and
found that the VISFATIN signalling pathway is active in
the caudal region (Fig. 7G), which is closely related to
visfatin. Combined with the expression of Apod, the fatty
acid metabolism and transport during sperm maturation
deserve further research. In addition, the epididymal duct
at the cauda region of the epididymis was surrounded by
a ring of smooth muscle cells expressing the muscle cell-
specific genes, myosin, heavy polypeptide 11 (Myhll),
and transgelin (Tagln) (Fig. 7H and I, Fig. S8C and D).
This was confirmed by FISH containing Defb9 mRNA
with MYHI11, in the anterior caudal epididymis, there
is only a thin layer of smooth muscle cells surrounding
the epididymal epithelium, while in the posterior caudal
epididymis, the smooth muscle cells become thicker (Fig.
S8E, Fig. 7]), suggesting that this may be related to ejacu-
latory contraction. In summary, our data provided a full
view at single-cell and visual-spatial level to study the cel-
lular environment and gene expression profile of mouse
testis and epididymis, as well as high region specificity of
beta-defensin family genes.

Discussion
Sperm development is a complex and long-term process,
with stages from spermatogonia to fertile sperm required
to undergo meiosis, sperm maturation, motility, and
long-distance swimming for fertilisation [49, 50]. These
processes are closely related to the cellular and molecular
environments in which sperm live, making it important
to have a comprehensive understanding of sperm devel-
opment and its living environment. In this study, we inte-
grated single-cell and spatial transcriptome sequencing
techniques to delineate the distinct cell types within the
testis and epididymis, particularly in the context of sper-
matogenesis and maturation. We found that epididymal
epithelium cells displayed a region-specific gene expres-
sion patterns, especially in beta-defensin gene family.
Further investigation revealed that mRNA of certain
beta-defensin genes is abundant in principal cells and
sperm head, which also showing a close connection to
epididimosome. These results provide novel insights into
sperm maturation.

We investigated the cellular components of mouse
testes and profiled their gene expression characteristics,
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ranging from SPG in early sperm development to sper-
matozoa at later stages, as well as their communication
with sertoli and leydig cells. In the epididymis, epithelial
cells exhibit distinct regional specificity, stemming not
only from their structural isolation but also from substan-
tial variations in gene expression profiles. Additionally,
we acquired a comprehensive gene expression landscape
for different epididymal regions. In this study, we divided
the epididymis into 12 distinct segments based on their
structural barriers and gene expression characteristics. In
addition to the top genes, we also investigated the entire
gene expression profile in these 12 regions, which pro-
vided the basis for the subsequent study of the expression
of specific genes in different regions of the epididymis at
single-cell and spatial levels.

Studies have demonstrated the function of beta-
defensin genes in epididymis [14, 16, 18, 23, 29, 51].
On one hand, Spaglla and Defb15 in rat were reported
to play roles in sperm motility acquisition and mainte-
nance [14, 15]. On the other hand, deletion of a adja-
cent-subset of beta-defensin genes in the chromosome 8
would lead to disfunction of the acrosome reaction and
intracellular calcium regulation in sperm [29]. There-
fore, beta-defensins can be used as ideal markers for
assessing sperm fertilization ability [52]. Beta-defensins
are also reported to display a epididymal specificity
in different regions [24, 53], suggesting their poten-
tial influence on sperm function through synergistic
and sequential mechanisms [23]. These findings have
brought important implications for future research.
However, some of these studies obtained regional gene
expression information by cutting the epididymal tis-
sues into small pieces for bulk RNA sequencing. This
leads to two limitations, one is that gene expression
patterns in tissues are continuous, and piece-regional
sequencing does not allow a clear assessment of gene
expression initiation and decay information, especially
in elongated tissues such as the epididymis. Another
limitation is that bulk RNA sequencing of tissue pieces
cannot recognise the subcluster of interest from mixed
cell populations. Furthermore, single-cell data offer
detailed gene expression profiles at high resolution but
lack spatial location information. In our study, we per-
formed single-cell and spatial transcriptomic sequenc-
ing synchronously, investigating cell types in testicular
and epididymal tissues and their gene expression pro-
files at the single-cell level. We also used Cell2location
analysis to map these cell types from scRNA-seq data
on the spatial samples and obtained the spatial dis-
tribution of the epididymal epithelium, including six
principal cell subsets. In addition, the complete cross-
cut and longitudinal spatial samples provided us with
a continuous and visual-image spatial gene expression
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profile of the epididymis, including beta-defensins. For
example, Defb18 and Defb15 are quite specific in differ-
ent regions of caput epididymis; while the expression of
Defb30 originates at the rear region of caput epididymis
and wear off at the corpus; in the caudal epididymis,
Defb2 and Defb9 are activate in principal cells, which
are surrounded by Myh11" and Tagln* smooth muscle
cells. These data exhibit a continuous and direct cogni-
tion for us to understand the underlying mechanisms of
the expression patterns and regulation of beta-defensin
family genes.

As previously mentioned, beta-defensins exhibit
regional specificity within the epididymis and play cru-
cial roles in sperm maturation and acquisition of motility;
however, little is known about the detailed mechanism
of beta-defensins function. As we known, proteins and
other components synthesiszed by epididymal epithelial
cells are secreted into the epididymal fluid via the api-
cal plasma. Simultaneously, the formed epididymosomes
transport secretions to the sperm and directly participate
in the regulation of sperm maturation [7, 47, 48]. Our
data demonstrated that Defb20 mRNA was located in
caput principal cells and interestingly, Defb20 mRNA was
also found to be abundant in sperm head, and this dis-
tribution displayed a close connection to the epididymo-
some marker gene Cd63. Several studies have reported
that while sperm do not transcribe new mRNA, they
can utilize nuclear-encoded mRNA transcripts for pro-
tein translation through mitochondrial-type ribosomes
[54, 55]. On the other hand, Li et al. found that most of
cell-free seminal mRNA (cfs-mRNAs) existed in epidi-
dimosomes, which has the ability to deliver RNAs
or proteins to sperm [56, 57]. Nonetheless, the abil-
ity of mRNAs in epididimosomes to translate proteins
remains controversial because of the lack of powerful
and direct evidence. For the mRNA of beta-defensins,
it remains unverified whether these mRNA transported
by epididymosomes possesses translational capacity
and contributes to sperm maturation; nevertheless, it
should be cautious to ignore the fact that there is abun-
dant Defb20 mRNA in sperm head within lumen of
epididymis. Further investigation is required to elucidate
the functioning of the beta-defensin gene family in sperm
maturation and capacitation.

Overall, our study revealed complex gene expression
and cellular composition in the testis and epididymis,
especially, beta-defensin family genes exhibit regional
specificity in the epididymis. In addition, we investi-
gated other cellular components of the epididymis,
such as fibroblasts and smooth muscle cells, and deter-
mined their distribution and gene expression levels.
Thus, we obtained a panoramic landscape of the testis
and epididymis to describe the cellular and molecular
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environment during sperm development, providing a
basis for a better understanding of spermatogenesis and
sperm maturation.

Materials and methods

Experimental animals

All animals used in this study were housed and main-
tained at a temperature of 23 °C and light (12 h light and
12 h dark) in a controlled room with ad libitum access
to food and water. 6-week-old C57BL/6N mice were
used to collect testicular and epididymal samples pur-
chased from Vital River Laboratory Animal Technology
Co., LTD.(Beijing, China). All animal experiments were
approved by the Ethics Committee of Qingdao Agricul-
tural University.

Hematoxylin-eosin (H&E) staining

Mouse testicular and epididymal samples were collected,
washed three times with phosphate-buffered saline (PBS;
Sangon, Shanghai, China), fixed in paraformaldehyde
(Servicebio, Wuhan, China), and embedded in paraf-
fin (Sangon, Shanghai, China). The 5-pum sections were
dewaxed and rehydrated and then stained with haema-
toxylin (Servicebio, Wuhan, China) solution for 3-5 min.,
Followed by staining with eosin (ServiceBio, Wuhan,
China) for 3 min. The sections were dehydrated in 85%
ethanol (Sangon, Shanghai, China) and 95% ethanol for
5 min. The sections were then dehydrated three times in
100% ethanol for 5 min each and sealed with neutral bal-
sam (Sangon, Shanghai, China).

Single-cell RNA-seq with the DNBelab C4 system

The entire epididymis from the four mice was cleaned
and washed three times with PBS and then divided into
three parts: the caput, corpus, and cauda. The samples
were stored in MACS Tissue Storage Solution for 48 h
(Miltenyi, Bergisch Gladbach, Germany). Before disso-
ciation, the epididymal tissues were cut into small pieces
and transferred to 0.2% collagenase IV (1 mg/ml; Sangon,
Shanghai, China) and DNase I (5 U/ml; Sangon, Shang-
hai, China) digestion solutions, followed by incubation at
37 °C for 15 min. After digestion and mechanical striking
of single cells, the cell suspension was filtered through a
cell strainer (Solarbio, Beijing, China) and converted into
barcoded scRNA-seq libraries, according to the manufac-
turer’s protocol. The libraries were sequenced using the
DNBSEQ-T7 (Mgi Tech, Shenzhen, China).

Visium spatial transcriptome sequencing

The fixed samples from mouse testicular and epididy-
mal samples were embedded in paraffin and sliced into
5 um sections. Following the FFPE Visium workflow,
the FFPE sections were placed on Superfrost’" Plus
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Microscope Slides (Fisherbrand™) for deparaffinisa-
tion. Experimental slides of the testicular and epididy-
mal samples were fixed, stained with haematoxylin and
eosin and scanned to obtain full-view images of the tis-
sues. The sections were destained with haematoxylin
and de-crosslinked, and the analytes were transferred
onto Visium CytAssist Spatial Gene Expression slides.
Sequence libraries were processed using the FFPE
Visium workflow. Libraries were sequenced using the
[llumina NovaSeq 6000 (ANOROAD, Beijing, China)
platform.

Data processing and analysis

Gene expression matrices of the four scRNA-seq samples
were loaded into R (V4.2.2) and merged for the following
analysis by the package “Seurat” v4.3.0 (https://satijalab.
org) [58]. The merged data was filtered to include cells
with too few genes and not more than 6500 (300 < nFea-
ture_RNA <6500) and less than 20% of mitochondrial
transcripts (percent.mt <20). Then the filtered data were
Log-normalized and scaled, and then visualized through
dimensionality reduction by the RunUMAP function. For
reanalyzing testicular population or epididymal popula-
tion, cell clusters from the testis or different segments of
the epididymis were extracted from the merged dataset
by the SubsetData function. The extracted cluster was
divided into several subclusters according to their spe-
cific gene expression patterns. We used VInPlot, Fea-
turePlot and DoHeatmap fuction of Seurat to find out
the gene expression profiles in each subcluster. For the
visium spatial samples of epididymis, the gene expression
data and image information were loaded into Seurat and
then normalized by SCTransform function to view spa-
tial expression information of certain genes. Followed by
PCA analysis and RunUMAP processing step, the cluster
of spots on spatial samples can be identified and pro-
cessed further.

Transmission electron microscopy (TEM)

The segmented epididymal samples (caput, corpus, and
cauda) were dissected and washed three times with PBS
and fixed in 2.5% glutaraldehyde (0.2 M PBS, pH=7.2;
Sangon, Shanghai, China) overnight at 4 °C. The epididy-
mal samples underwent dehydration using a series of
alcohol concentrations: 30%, 50%, 70%, 80%, 95%, 100%,
and two rounds of 100% acetone, each lasting 20 min for
alcohol and 15 min for acetone. The treated samples were
embedded in epoxypropane resin, sliced into 50 nm sec-
tions using an EM UC7 ultramicrotome (Leica, Wetzlar,
Germany), stained with lead citrate and uranium, and
observed using an HT7700 TEM (Hitachi, Tokyo, Japan).
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Immunofluorescence

Mouse testicular and epididymal samples were col-
lected, washed three times with PBS, fixed in 4% para-
formaldehyde at 4 °C overnight, embedded in paraffin,
and sliced into 5 um sections (Leica, Wetzlar, Germany).
After dewaxing and rehydration, the prepared sec-
tions were repaired in citric acid antigen retrieval solu-
tion (Servicebio, Wuhan, China) at 96 °C for 10 min and
cooled naturally to room temperature. Then, the sec-
tions were washed with prewarmed Tris Buffered Saline
(TBS;Servicebio, Wuhan, China), blocked with Quick-
Block™ Blocking Buffer (Beyotime, Shanghai, China) for
Immunol Staining for 10 min, and incubated with the
primary antibody overnight at 4 °C. The primary anti-
bodies used were a Recombinant Anti-CD63 antibody
(dilution 1:100, #Ab217345; Abcam, Cambridge, UK) and
SMMHC/MYH11 Rabbit pAb (dilution 1:100, #A10827;
ABclonal, Wuhan, China). After incubation, the sections
were washed three times with TBST (Servicebio, Wuhan,
China) and then incubated with secondary antibody for
30 min at 37 °C. Goat Anti-Rabbit IgG (dilution 1:50,
#AS060; ABclonal, Wuhan, China) was used as the sec-
ondary antibody. Cell nuclei were labelled with Antifade
Mounting Medium containing DAPI (dilution 1:1000;
Beyotime, Shanghai, China).

SweAMI probe in situ hybridisation

The Saiweier signal Amplification Multiplex Isothermal
(SweAMI) probes were designed and synthesized by Ser-
vicebio (Wuhan, China). The mouse epididymal samples
were collected and fixed in in-situ hybridization fixa-
tive for more that 12 h, and then embedded in paraffin
and sliced into 5 um sections. The sections were baked
in an oven at 62 °C for 2 h and placed in xylene (San-
gon, Shanghai, China) for 30 min for dewaxing. The sec-
tions were then rehydrated and repaired in a citric acid
antigen retrieval solution (Servicebio, Wuhan, China)
at 96 °C for 10 min and cooled naturally to room tem-
perature. Proteinase K (20 pg/ml; Servicebio, Wuhan,
China) was added dropwise to the sections for a 10-min
digestion at 37 °C. The sections were subjected to prehy-
bridisation and hybridisation in a solution containing the
probe dropwise, washed in 2XxSSC (Servicebio, Wuhan,
China) for 10 min at 37 °C and in 1XxSSC twice for 5
min each at 37 °C, and washed in 0.5x SSC for 10 min at
room temperature. The RNA probes and sequences used
include Defb9 (5UTR:CAC CGT TCC ATT TCT GAT
ACA CCG ATT GAG AAC TGA AAC AAT AAA AAT
AAC AGT ACC CT), Defb19 (UTR:GAC CAG TTC
CGT TGC CAC AAG TAT GTT GAA GGA TAG GAT
TTT TGC CAG ACG TAG GCC TGT TCA CTC TTT
TTG CAQG), Defb20 (55UTR:CAC CAT CTG CAA GTG


https://satijalab.org
https://satijalab.org

Zhang et al. Cell Communication and Signaling (2024) 22:267

CCA CAA ACA GTT CTA CGT TGC TAA AAC ATC
TTT TGG GCT CCA CTA ATC TGC ATT TCT TCC
TAC AG), and Defb30 (5UTR:AAG AGC ACG AGG
GTC AAC TGT AGG CAC TGG TGG AAC ATA GGA
GAG CAA GAG CAT GTG TCG TAA ATC CGT TTT
ATG TTC CTG CAA ATG CCT TTT AGT TTC CAA
CGA CTG AAT GCC ACA GAA AAT GT). For dou-
ble staining with antibodies, the sections were blocked
with QuickBlock™ Blocking Buffer for Immunol Staining
(Beyotime, Shanghai, China) for 10 min and incubated
with the primary antibody overnight at 4 °C. After wash-
ing thrice with TBST, the sections were incubated with
the secondary antibody and treated with an Antifade
Mounting Medium containing DAPI (Beyotime, Shang-
hai, China).
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Supplementary Material 1. Fig. S1 Proportion of different cell types and
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cell type annotations by using Cell2location in the crosscut spatial sample.
Related to Figure 3.

Supplementary Material 4. Fig. S4 Spatial gene expression features of
rest member of beta-defensin gene family in the crosscut spatial sample.
Related to Figure 4.
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Related to Figure 5.

Supplementary Material 6. Fig. S6 Mapping spatial data with sScRNA-Seq
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type annotations of epididymal epithelium by using Cell2location. B) Map-
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by using Cell2location. C) Mapping spatial data with scRNA-Seq cell type
annotations of all cells by using Cell2location.

Supplementary Material 7. Fig.S7 Beta-defensin gene showed region spec-
ificity in the mouse epididymal tissues. Related to Figure 6. A) Spatial gene
expression features of lipocalin 8 (Lcn8), lipocalin 9 (Lcn9), Cst12, and Cd63
in the longitudinal spatial sample. B) Representative IF staining of CD63
and FISH staining of Defb30 mRNA in the corpus region of epididymis.
Scale bar: 50 um. C) Representative IF staining of CD63 and FISH staining
of Defb9 mRNA in the cauda region of epididymis. Scale bar: 50 um. D)
Representative IF staining of DEFB121 in the caput epididymis. Scale bar:
300 um. E) Enlarged view of Fig. S7D (white frame), showing DEFB121 is
positive in principal cells. Scale bar: 25 um. F) Negative control of DEFB121
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cells in mouse epididymis. Related to Figure 7. A) Spatial gene expression
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feature of Apod in crosscut and longitudinal spatial samples. C) Spatial
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