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Abstract

The germ cell lineage ensures the creation of new individuals and perpetuates the genetic information across generations. Primordial 
germ cells are pioneers of gametes and exist transiently during development until they differentiate into oogonia in females, or 
spermatogonia in males. Little is known about the molecular characteristics of primordial germ cells in cattle. By performing 
single-cell RNA-sequencing, quantitative real-time PCR, and immunofluorescence analyses of fetal gonads between 40 and 90 days of 
fetal age, we evaluated the molecular signatures of bovine germ cells at the initial stages of gonadal development. Our results 
indicate that at 50 days of fetal age, bovine primordial germ cells were in the early stages of development, expressing genes of early 
primordial germ cells, including transcriptional regulators of human germline specification (e.g. SOX17, TFAP2C, and PRDM1). 
Bovine and human primordial germ cells also share expression of KIT, EPCAM, ITGA6, and PDPN genes coding for membrane-bound 
proteins, and an asynchronous pattern of differentiation. Additionally, the expression of members of Notch, Nodal/Activin, and BMP 
signaling cascades in the bovine fetal ovary, suggests that these pathways are involved in the interaction between germ cells and their 
niche. Results of this study provide insights into the mechanisms involved in the development of bovine primordial germ cells and put 
in evidence similarities between the bovine and human germline.
Reproduction (2021) 161 239–253

Introduction

The specification of primordial germ cells (PGCs), 
the progenitors of sperm and eggs, occurs around the 
onset of gastrulation by the inductive signaling of bone 
morphogenetic proteins (BMP) on a group of cells that 
are initially destined toward a somatic mesodermal fate 
(Lawson et al. 1999, Saitou et al. 2002, Kobayashi et al. 
2017, Chen et  al. 2019). Even though the signaling 
pathways that operate during PGC specification are 
conserved across mammals (Nikolic et  al. 2016), the 
origin of the signaling molecules, the key transcriptional 
regulators, and their hierarchy are divergent between 
species (Kojima et al. 2017).

In mice, the period of PGC development lasts around 
7 days. This process is initiated by BMP4 signaling on 
WNT-primed cells, which activates PRDM1 (also known 
as BLIMP1) and PRDM14. Together with TFAP2C, a 
direct target of PRDM1, these genes act in combination 
to induce PGC fate (Ohinata et al. 2005, Yamaji et al. 
2008). The PRDM1-PRDM14-TFAP2C tripartite genetic 
network acts to repress the somatic mesodermal program, 
induce re-expression of pluripotency genes, initiate 
expression of PGC genes, and prompt genome-wide 
epigenetic reprogramming (Saitou et  al. 2002, Yabuta 
et  al. 2006, Seki et  al. 2007); all key events involved 
in the specification of PGCs. After specification, PGCs 

follow guidance cues that will ultimately lead them to the 
genital anlage. Upon colonization of the undifferentiated 
developing gonad, PGCs undergo synchronous mitotic 
divisions with incomplete cytokinesis, forming nests of 
interconnected germ cells (Pepling & Spradling 1998). 
The PGC development period ends when female PGCs 
enter meiotic prophase or male PGCs enter mitotic 
quiescence (McLaren & Southee 1997). In the ovary, 
meiosis initiation is triggered by retinoic acid signaling 
which in the testis is antagonized by the cytochrome 
P450 activity of Sertoli cells (Bowles et  al. 2006, 
Koubova et al. 2006).

In humans, the period of PGC development lasts 
around 7 weeks (from week 2 to week 9 of fetal 
development) (Tang et  al. 2015). Activation of BMP 
signaling leads to upregulation of PRDM1, which in 
primates and pigs, is triggered by SOX17, a key regulator 
of PGC specification (Irie et al. 2015, Kobayashi et al. 
2017, Kojima et  al. 2017). BMP signaling initially 
upregulates TFAP2C independently from SOX17, 
which in combination with PRDM1 establish the gene 
expression program of human PGCs (Kojima et  al. 
2017). Upon specification, human PGCs migrate and 
colonize the genital ridge to extensively proliferate until 
they enter meiosis asynchronously in females (Anderson 
et  al. 2007) or enter mitotic quiescence and undergo 
meiosis after puberty in males (Tang et al. 2015).
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Despite the advances in mice and humans, PGC 
specification and development in livestock species are 
largely unknown. Similar to humans, the period of bovine 
PGC development lasts around 6 weeks (from week 
2 to week 8 of fetal development) (Lavoir et al. 1994, 
Wrobel & Süß 1998). At 40 days of fetal development, 
the undifferentiated bovine gonad undergoes sexual 
differentiation, and then female germ cells initiate meiosis 
between 70 and 80 days of fetal age (Erickson 1966). At 
the molecular level, bovine PGCs are characterized by 
nonspecific alkaline phosphatase (AP) activity (Wrobel 
& Süß 1998), expression of well-conserved germline 
markers such as the tyrosine-kinase receptor KIT (also 
known as cKIT) (Kritzenberger & Wrobel 2004), and 
the RNA-binding proteins NANOS3 (Ideta et al. 2016), 
DDX4 (also known as VASA) (Pennetier et  al. 2004, 
Bartholomew & Parks 2007, Luo et al. 2013) and DAZL 
(Hummitzsch et  al. 2013). However, the molecular 
signatures that characterize the bovine germline during 
early gonadal development have not been elucidated, 
due in part to the challenges associated with studying 
PGCs. During their initial development, PGCs are 
embedded in the developing embryo in small numbers 
(Barton et al. 2016, Cantú & Laird 2017) and even though 
human and mice PGCs can be purified by cell sorting, 
antibodies to successfully target and isolate bovine 
PGCs are not commercially available. To overcome 
this limitation and elucidate the molecular signatures 
that characterize the bovine germline during early 
gonadal development, we performed single-cell RNA-
sequencing (scRNA-seq), quantitative real-time PCR 
(RT-qPCR), and immunofluorescence analyses of fetal 
gonads between 40 and 90 days of age. At day 50 bovine 
PGCs were in early stages of development and shared 
with the human germline expression of transcriptional 
regulators and surface markers, and an asynchronous 
progression of differentiation.. Bovine PGCs and their 
somatic counterparts expressed members of the BMP, 
Activin/Nodal, and Notch signaling cascades, suggesting 
that these pathways may have roles in coordinating the 
events of gonad development in cattle.

Materials and methods

Tissue collection and processing

Bovine fetuses were obtained from a local abattoir and 
transported on ice to the laboratory within 3 h of retrieval. 
Fetuses were inspected for normal development and 
the crown-rump length (CRL) was measured to estimate 
gestational age (DesCôteaux et  al. 2009). Gonads were 
identified based on their location within the abdominal 
cavity, anatomy, and relationship with neighboring organs 
(mesonephros and/or kidneys). Tissues retrieved for histology 
were fixed in 4% paraformaldehyde for 24 h at 4°C and step-
wise dehydrated through an ethanol gradient and processed in 
a VIP Tissue Tech processor (Sakura Finetek). Tissue was then 
embedded in paraffin, sectioned at 5 μm thickness and stained 

with hematoxylin and eosin (H&E). Gonads collected for 
immunostaining analyses were fixed in 4% paraformaldehyde 
for 5 h at 4°C, washed and transferred to 30% sucrose until 
embedding in Tissue-Tek optimal cutting temperature (OCT) 
compound (4883, Sakura Finetek). Cryoblocks were sectioned 
at 10 μm thickness and tissue sections were stored at −20°C 
until staining. Gonads retrieved for scRNA-seq were washed in 
ice-cold PBS and slow frozen in DMEM containing 20% FBS 
and 10% DMSO using a freezing device (5100-0001, Thermo 
Scientific). Fetal ovaries and testes harvested for quantitative 
RT-PCR were snap-frozen in liquid nitrogen and stored at 
−80°C until RNA was extracted. Samples utilized in this study 
are listed in Table 1.

Immunofluorescence analysis

Cryosections were washed to remove the OCT compound 
before unmasking for 10 min in a steamer in 10 mM sodium 
citrate buffer, pH 6.0. Blocking was performed by incubating 
the tissue sections with 0.3 mM glycine and 10% normal 
donkey serum for 1 h, at room temperature. Tissue sections were 
then incubated overnight at 4°C with the following primary 
antibodies: anti-PRDM1 (1:50; 14-5963-80, Invitrogen), anti-
OCT4 (1:500; sc-8628, Santa Cruz Biotechnology), anti-DAZL 
(1:500; Ab34139, Abcam), anti-DDX4 (1:500; Ab13840, 
Abcam). Secondary antibody incubation was performed for 
1 h at room temperature and Hoechst 33342 was used for 
counterstaining. Tissue sections were mounted using ProLong 
Gold Antifade (P36934, Invitrogen) and images captured using 

Table 1 List of bovine fetuses harvested for this study.

CRL (cm) Sex
Estimated fetal  

age (days) Analysis

2 N/A 40 H&E
2 Male 40 IMF
2.5 Male 45 IMF
3 Female 45–50 IMF
3 Male 45–50 RT-qPCR
3.5 Female 50 AP
3.5 Female 50 RT-qPCR
4 Female 50 scRNA-seq
4 Female 50 scRNA-seq
4.5 Female 50 H&E
4.5 Female 50 RT-qPCR
5.5 Female 50–60 RT-qPCR
5.5 Male 50–60 RT-qPCR
6 Female 60 IMF
6.3 Male 60 IMF & AP
8 Male 60–70 RT-qPCR
8.3 Female 60–70 RT-qPCR
11 Female 80 RT-qPCR
11 Male 80 RT-qPCR
12 Male 80 IMF & AP
14 Female 90 RT-qPCR
14 Male 90 RT-qPCR
15.5 Female 90 IMF
16 Female 90 IMF

AP, detection of alkaline phosphatase activity; CRL, crown-rump 
length; H&E, hematoxylin and eosin staining; IMF, 
immunofluorescence staining; N/A, not available; RT-qPCR, 
quantitative real-time PCR; scRNA-seq: single-cell RNA-sequencing.
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a Leica TCS SP8STED 3X laser-scanning confocal microscope. 
Image processing was performed using ImageJ (v2.0.0-rc-
69/1.52n). Immunostaining of mesonephros was utilized as 
negative control when germline-specific proteins were detected.

Alkaline phosphatase staining

Detection of AP activity was performed using the Alkaline 
Phosphatase Staining Kit II (00-0055; Stem-gent) adapting the 
manufacturer’s protocol for tissue sections. Briefly, cryosections 
were washed in PBS supplemented with 0.05% Tween 20 
and incubated with freshly prepared AP Substrate Solution 
(provided with the kit) in the dark at room temperature for 
15 min. The reaction was stopped by washing tissue sections 
in PBS and stained sections were mounted in ClearMount 
mounting medium (MMC0112, American MasterTech). 
Imaging was performed using a Q Imaging camera on an 
Olympus BH2 microscope.

Sex determination by polymerase chain reaction

Fetuses less than 50 days of fetal age (4 cm CRL) were sexed by 
PCR targeting the DEAD box helicase 3 gene (DDX3X/DDX3Y), 
which allows discrimination between X and Y chromosomes 
based on amplicon size (Gokulakrishnan et  al. 2012). DNA 
extraction was performed using the DNeasy Blood and Tissue 
Kit (69504, Qiagen) according to manufacturer’s protocol. DNA 
was quantified using a NanoDrop 2000C Spectrophotometer 
(Thermo Scientific) and amplified using the Go Taq Hot Start 
Green Master Mix. Amplicons were observed by agarose gel 
electrophoresis stained with ethidium bromide. Genomic 
DNA from adult testes and ovaries were used as controls.

cDNA preparation and quantitative RT-PCR

Total RNA was extracted using the RNeasy Mini Kit (74104, 
Qiagen) and DNase treated with the RNase-Free DNase 
Set (79254, Qiagen). After extraction, RNA was quantified 
using the Qubit RNA BR Assay Kit (Q10211, Invitrogen) and 
reverse transcribed using SuperScript III Reverse Transcriptase 
(18080044, Invitrogen) according to the manufacturer’s 
protocols.

Evaluation of gene expression was performed using PowerUp 
SYBR Green Master Mix (A25742, Applied Biosystems) on 

a QuantStudio 3 Real-Time PCR System (A28137, Applied 
Biosystems). The Primer Quest tool (Integrated DNA 
Technologies) was used to design primers (Table 2) spanning an 
exon–exon junction. Samples were run in technical duplicates 
and relative expression was calculated by the delta Ct method, 
normalizing values to the HMBS housekeeping gene. cDNA 
from adult testes and ovaries were used as controls.

Fetal gonad dissociation for single cell RNA-
sequencing

Slow-frozen gonads from two independent replicates of 
approximately 50 days of fetal age (4 cm CRL) were removed 
from liquid nitrogen and thawed at 37°C in a water bath. 
Gonads were then rinsed in ice-cold PBS, minced into 
~0.1 mm pieces and incubated in Collagenase Type IV 
(800 U/mL) (LS004186, Worthington) supplemented with 
DNase I (6 U/mL) (04536282001, Roche Applied Science) 
at 37°C in a prewarmed orbital shaker for 10 min at 150 
rpm. After dissociation, the cell suspension was filtered and 
dead cells were removed by magnetic bead sorting using a 
Dead Cell Removal Kit (13009010, Miltenyi) following the 
manufacturer’s protocol. Viable cells resuspended in 0.4% 
BSA were submitted on ice to the UC Davis DNA Technologies 
& Expression Analysis Core for library preparation and 
sequencing.

10× Genomics library preparation and sequencing

Cells were captured using a 10× Chromium controller 
targeting 10,000 cells per sample. Libraries were prepared 
using the Chromium Single Cell 3’ v2 chemistry for sample 1 
and v3 chemistry for sample 2 according to the manufacturer’s 
protocol. Sequencing was performed in an Illumina HiSeq 
4000 platform as 150 base paired-end.

Mapping, cell quality control and downstream 
analyses

Demultiplexing of raw reads and mapping to the bovine 
reference genome (ARS-UCD1.2.96) was performed using the 
Cell Ranger software (v3.0.2). Reads were filtered and counted 
through the Cell Ranger Count pipeline. The R package Seurat 
(v3.1.0.9003) was used for sample integration, quality control, 

Table 2 Sequence of primer sets used for qPCR.

Gene Forward primer sequence Reverse primer sequence Tm (°C)
Amplicon  
size (bp)

DDX4 GAAGGTGATAGCTCTGGTTTCT GTCTTGATAACCGCCTCTCTT 62 99
HMBS CTTCACCATTGGAGCTGTCT TAGTTCCTACCACACTCTTCTCT 62 116
NANOS3 TGTGCAGGTTCCAAAGGT GTCTCCTTAGGCAGAAGTTGAG 62 81
PRDM1 CCACATGAATGCCAGGTTTG TGCACTGGTAAGGTTTCTCTC 62 97
PRDM14 GGACAAGGGTGACAGGAAAT TCCCGCATGTAGAACACTTG 62 128
POU5F1 AACGAGAATCTGCAGGAGATATG TCTCACTCGGTTCTCGATACT 62 87
SOX2 CATTAACGGCACACTGCCCC TGAAAATGTCTCCCCCGCCC 62 76
SOX17 AAGATGCTGGGCAAGTCG CGGTACTTGTAGTTGGGATGG 62 116
TFAP2C CGACATGGCACACCAGAT GGAAATAGGACCTTTGCGAATAAC 62 94
DDX3 AGGAAGCCAGGAAAGTAA CATCCACGTTCTAAGTCT 58 184 and 208

Tm, melting temperature.
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and secondary analyses (Stuart et al. 2019). Quality check of 
datasets and cell filtering was based on 4 criteria: number 
of detected genes, number of unique molecular identifiers, 
percentage of mitochondrial genes, and percentage of 
ribosomal genes. Cells that passed the selection criteria (cells 
containing 200 to 6000 reads and <5% of mitochondrial 
genes) were used for downstream analysis (Supplementary 
Fig. 1A, see section on supplementary materials given at 
the end of this article). Integration and normalization of 
the two replicates was performed by identifying ‘anchors’ 
across datasets. Dimensionality reduction was performed 
by uniform manifold approximation and projection (UMAP) 
and differential gene expression was performed using non-
parametric Wilcoxon rank sum test, which is part of the 
standard Seurat pipeline. Functional clustering of gene 
ontology (GO) term enrichment of differentially expressed 
genes was performed using DAVID (Huang et al. 2009). The 
integration of bovine and human data sets was performed 
using the human UMI count data from http://github.com/
zorrodong/germcell (Li et  al. 2017). Only female cells 
expressing 2000 to 10,000 genes and 100,000 to 1,100,000 
transcripts were kept for integration, resulting in 970 total 
cells. Integration of the bovine and human datasets was also 
performed by the identification of ‘anchors’ using R package 
Seurat (v3.1.5.9003) (Stuart et al. 2019) and variations due 
cell cycle heterogeneity were regressed out. The identification 
of candidate surface marker genes was performed using the 
computational framework COMET (Delaney et  al. 2019) 
using their stand-alone software package.

Data availability

Accession numbers for the 10×X Genomics single cell 
RNA-seq data that support the findings of this study are 
openly available at https://www.ncbi.nlm.nih.gov/geo/, GEO 
accession: GSE162952. Code availability of the custom scripts 
used can be found on GitHub at https://github.com/deliasoto/
Bovine_scRNA-seq.

Results

Morphology and alkaline phosphatase activity of 
bovine fetal gonads

We evaluated the anatomical relationship of the 
developing gonad with the mesonephros between 
40 and 50 days of fetal age (2–4.5 cm CRL) by H&E 
staining. At 40 days of fetal age (Supplementary Fig. 
2A and B), the gonads were identified by their ventral 
location to the mesonephros, one of the biggest organs 
in the abdominal cavity at this stage. Around 10 days 
later (Supplementary Fig. 2C and D), gonads had tripled 
in size and grown out from the mesonephros. Similar 
to other mammals, bovine PGCs possess temporary AP 
activity that is lost upon differentiation (Gropp & Ohno 
1966, Lavoir et  al. 1994). We detected nonspecific 
AP activity throughout the fetal gonad in ovaries and 
testes (Supplementary Fig. 2E, F and G). In ovaries at 50 

days of fetal age (3.5 cm CRL), AP positive cells were 
detected throughout the whole organ, but the surface 
epithelium seemed to be AP negative. In testes, positive 
cells in the seminiferous tubules progressively lost AP 
activity between 60 and 80 days of development (6-12 
cm CRL), whereas somatic cells in the interstitium 
remained AP positive. Thus, in female and male fetal 
gonads, germ cells were masked by the positive AP 
reaction of the surrounding cells, confirming the lack 
of specificity of AP staining that others have described 
(Gropp & Ohno 1966, Lavoir et al. 1994, Wrobel & Süß 
1998). Even though bovine fetal gonads can be easily 
identified after 40 days of development, AP activity is 
not an appropriate germ cell marker as it is unspecific 
and germ cells lose AP expression over time.

Single-cell RNA-sequencing of 50 days old bovine 
fetal ovaries

Since specific surface markers and antibodies to sort the 
different cell populations of the bovine fetal gonad are 
not available, we performed scRNA-seq on dissociated 
fetal gonads to capture the molecular signatures of the 
bovine germline and its niche. A total of 19,499 cells 
from two independent replicates of approximately 50 
days of fetal age (4 cm CRL) were sequenced obtaining 
564,587,528 sequence reads, with 64,039 and 22,332 
mean reads per cell in sample 1 and 2, respectively 
(Supplementary Fig. 1A). After filtering out cell doublets 
and low-quality cells, 15,548 cells were used for 
clustering. We identified 11 cell clusters with all clusters 
being represented in each replicate (Supplementary 
Fig. 1B). Cluster identity was assigned based on the 
expression of well-conserved marker genes (Fig. 1A and 
B) and functional GO term enrichment (Supplementary 
Table 1). Cells allocated to cluster 5 were identified 
as PGCs based on the expression of pluripotency and 
germline-specific genes such as NANOG, OCT4 (also 
known as POU5F1), NANOS3, and EPCAM (Fig. 1B 
and C). PGCs represented 10.8% of the cells present 
in the fetal gonad. Clusters 0, 1, and 2 expressed 
genes associated with stromal (NR5A1 and COL1A2) 
and epithelial (KRT19 and MSLN) cell populations 
of the fetal ovary (Jameson et  al. 2012, Mork et  al. 
2012, Hummitzsch et  al. 2013), and respectively 
represented 51.7, 20.1, 17.5% of the cells restricted to 
the somatic and germ cell compartment. GO analysis 
indicated that clusters 0, 1, and 2 showed specific 
enrichment for terms such as collagen and extracellular 
matrix, translation and cell–cell adhesion, and cell 
proliferation, respectively (Supplementary Table 1). 
Thus, we identified clusters 0, 1, and 2 as stromal cells, 
quiescent epithelial cells and proliferative epithelial 
cells, respectively (Fig. 1B and C). Clusters 3, 4, 6, 7, 8, 
9, and 10 represented 29.7% of the total cells analyzed 
and corresponded to endothelial cells, erythrocytes, 
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monocytes/macrophages, reticulocytes, fibroblasts, 
platelets, and lymphocytes, respectively (Fig. 1C). This 
analysis demonstrated that different cell populations, 
including PGCs, can be identified in the bovine fetal 
gonad by scRNA-seq.

Evaluation of the gene expression profile of 
the somatic compartment (clusters 0, 1 and 2) 
(Supplementary Fig. 3) showed high expression of 
genes involved in the development of the genital ridge 
(WT1, GATA4, SF1, EMX2 and LHX9) (Luo  et al. 1994, 
Miyamoto  et al. 1997, Birk  et al. 2000, Hammes  et al. 
2001, Kusaka  et al. 2010, Hu  et al. 2013). On the other 
hand, genes associated with pre-granulosa cells (LGR5, 
RSP01, WNT4, FOXL2 and FST) (Jorgez   et  al. 2004, 
Mork et al. 2012, Rastetter   et al. 2014, Zheng   et al. 
2014) presented only low expression in around 5.5% of 
the cells. These results indicate that the somatic cells of 
50 days old (4 cm CRL) bovine fetal gonads are largely 
undifferentiated and starting the transition toward 
supportive cells.

Molecular profiling of the bovine germline during 
early fetal development

scRNA-seq data indicated that at 50 days of fetal age (4 
cm CRL) most of the cells in the PGC cluster (98.7%) 
expressed at least one marker of pluripotency including 
OCT4 (72.5%), NANOG (95.2%), and SALL4 (47.2%), 
or at least one marker of early PGCs development 
(95.5%) including NANOS3 (80.2%), KIT (69%), and 
AP (57.6%). A smaller subset of cells (21.1%) expressed 
genes that characterize pre-meiotic late-stage PGCs 
including DAZL (6.3%), DDX4 (16%), and STRA8 
(0.5%) (Fig. 2A and Table 3). Marker co-expression 
analysis showed that 76% of the cells allocated to the 
PGC cluster shared expression of pluripotency and early 
markers, with 21% also co-expressing late PGCs markers 
(Fig. 2B), indicating that most PGCs in day 50 fetuses are 
still in early stages of differentiation, with a subset of 
cells transitioning toward a more advanced stage.

To confirm the early stage of bovine PGCs at 50 days 
of fetal age (4 cm CRL) and assess the developmental 

Figure 1 Cell populations detected by scRNA-seq in the bovine fetal ovary at 50 days of fetal age. (A) Heatmap of differentially expressed genes 
in each cell cluster. Genes used for cluster identification are colored in yellow. (B) Dot plot of the average level of expression (dot color) and 
percentage of positive cells (dot size) expressing specific marker genes in each cell cluster. (C) Identity of cell populations in UMAP projection.
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timeline of the bovine germline, we analyzed 
expression of well-known markers of early and late 
PGC at different stages of development by RT-qPCR 
and immunofluorescence (Figs 2C and 3 ). Detection of 
OCT4, NANOS3, and DDX4 in fetal gonads by RT-qPCR 
(Fig. 2C) corroborated the findings from scRNA-seq. 
OCT4 and NANOS3 presented a similar pattern of 
expression, characterized by a progressive increase 
during the first 2–3 months of gonad development, 
likely reflecting PGC proliferation. OCT4 and NANOS3 
expression decreased after this period (Fig. 2C). NANOS3 
was not detected in adult ovaries, but was expressed in 
the adult testes, which is consistent with its role during 
spermatogenesis (Lolicato et  al. 2008). Expression of 
DDX4 increased after 50 days of development (4 cm 
CRL) reaching its highest expression in the adult testis 
(Fig. 2C). Immunofluorescence analyses (Figs 3 and 6) 
indicated that PRDM1 and OCT4 were equally expressed 
in female and male PGCs early in development (40–70 
days or 2–7 cm CRL). Upon progression of differentiation, 
PRDM1 and OCT4 were first downregulated in males 
while in females their expression persisted in germ 

cells located at the ovarian cortex. DAZL protein was 
first detected at 60 days (6 cm CRL) of development 
and rapidly became broadly expressed in the germline, 
especially in males. DAZL detection persisted at 80-90 
days (12–16 cm CRL), in spermatogonia and oogonia 
inside the seminiferous tubules and ovigerous cords, 
respectively. DDX4 was only detected in the fetal 
gonads after day 80 of fetal development (12 cm CRL), 
following DAZL upregulation.  Overall, RT-qPCR and 
immunofluorescence analyses confirmed scRNA-seq 
results indicating that at day 50 of fetal age (4 cm CRL), 
bovine PGCs are mostly in early stages of development.

Similarities between bovine and human germline 
development

Given the early developmental stage of day 50 
bovine PGCs, we evaluated the presence of known 
transcriptional regulators involved in human germline 
commitment. The signaling cascade that triggers 
specification of the human germline has been well 
studied. PRDM1, PRDM14, and TFAP2C form a key 

Figure 2 Gene expression profile of bovine 
PGCs. (A) Level of expression of pluripotency, 
early and late markers of PGC development in 
cells of the bovine gonad. (B) Venn diagram of 
the co-expression of pluripotency, early, and 
late markers of PGCs development in bovine 
PGCs. (C) Relative expression of OCT4, 
NANOS3 and DDX4 in fetal gonads between 
45 and 90 days of fetal age and adult testes 
and ovaries. Numbers in fetal samples 
represent crown-rump length in cm.
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transcriptional network that commands specification of 
the germline in different species (Ohinata et al. 2005, 
Yamaji et al. 2008, Kobayashi et al. 2017, Sybirna et al. 
2020). Specifically in humans, the SRY-Box proteins 
SOX17 and SOX15 also play an important role in 
germline development (Guo et  al. 2015, Tang et  al. 
2015, Kobayashi et al. 2017, Kojima et al. 2017, Chen 
et  al. 2018, 2019). Bovine PGCs expressed PRDM1, 
TFAP2C, SOX17, and SOX15 transcription factors (Fig. 
4A). PRDM14 was only detected in a few cells, which 
is consistent with observations in human PGCs (Guo 
et al. 2015, Irie et al. 2015, Tang et al. 2015, Kobayashi 
et  al. 2017) and SOX2, which is only re-activated in 
mouse PGCs (Western et al. 2005, Perrett et al. 2008, 
Campolo et al. 2013), was not detected. We confirmed 
expression of PRDM1, TFAP2C, SOX17, SOX2, and 
PRDM14 by RT-qPCR in fetal gonads (Fig. 4B). Levels 

of PRDM1, TFAP2C, and SOX17 increased until days 
60–70 of development (approximately 8 cm CRL) and 
then decreased steadily. Interestingly, PRDM14 shared 
a similar pattern of expression with PRDM1, TFAP2C, 
and SOX17, especially in fetal ovaries. Expression of 
SOX2 was almost undetectable in all the fetal samples 
evaluated, confirming results of scRNA-seq analysis.

Integration of our dataset with a publicly available 
single-cell transcriptome of human fetal gonadal cells 
(FGCs) of 5–26 weeks of development (Li et al. 2017), 
showed that 50 days old bovine PGCs clustered together 
with early human germ cells (Mitotic) (Fig. 5A). Bovine 
PGCs and human mitotic FGCs had a similar gene 
expression profile, especially for genes involved in 
germline specification and pluripotency, and genes that 
characterize early and late PGC development (Fig. 5B). 
Our scRNA-seq results also revealed that bovine PGCs 
expressed genes coding for the surface proteins EPCAM 
(96.2%), PDPN (94.2%), KIT (69%), and ITGA6 (34.7%) 
(Table 3), which are also present in human FGCs (Fig. 
5C) (Sasaki et al. 2016, Chen et al. 2018). These findings 
further confirm the similar germline-specific molecular 
profiles between these two species. 

We performed prediction of marker panels by 
COMET which ranks single or multiple marker genes 
for identification of cell populations of interest. In line 
with previous results, EPCAN, KIT and PDPN appeared 
among the top ranked markers to identify bovine PGCs 
(Supplementary Fig. 4A and Supplementary Table 3). 
Interestingly CD9, which has a role during fertilization 
(Umeda et al. 2020) and is present in 99.7% of the cells 
in the PGC cluster and ranked the fifth best marker for 
PGC identification and isolation. Reliable approaches 
for the isolation of gonadal somatic cells could be 
possible using single marker genes (Supplementary Fig. 
4B) or by positive and negative selection of marker pairs 
(Supplementary Fig. 4C).

Exploring the distribution of OCT4 and DAZL in 
whole ovaries from 40- to 90 day-old fetuses (Fig. 6), 
we found a progressive loss of OCT4 expression from 
the center of the ovary outwards to the periphery, while 
DAZL expression persisted during differentiation, as 
others have described (Hummitzsch et al. 2013). At 40 
days of age, few OCT4-positive cells were detected in 
the ovary. OCT4-positive cells dramatically increased 
20 days later and at day 90 OCT4 was only expressed in 
cells confined to the vicinity of the surface epithelium. 
Expression of DAZL was first detected at 60 days of age 
in cells of the medulla and ovarian cortex. DAZL-positive 
cells localized in the same pattern of cells expressing 
OCT4; in fact, all the DAZL-positive cells detected at 
60 days co-expressed OCT4. Overall, the expression 
pattern of germline transcriptional regulators, germline-
specific, pluripotency, and cell surface markers, and the 
asynchronous pattern of differentiation detected in the 
bovine germline, revealed important similarities in the 
development of bovine and human germ cells.

Table 3 Gene expression profile of female bovine PGCs at 50 days 
of fetal age.

Genes

PGC cluster
Number of  

positive cells
Percentage of  
positive cells

Pluripotency
 OCT4 854 72.5
 NANOG 1121 95.2
 SALL4 556 47.2
 KLF4 128 10.9
 LIN28A 59 5.0
 DPPA3 0 0.0
 SOX2 0 0.0
Early PGCs
 PRDM1 794 67.4
 PRDM14 44 3.7
 TFAP2C 1006 85.4
 SOX17 1116 94.7
 SOX15 1008 85.6
 NANOS3 945 80.2
 ALPL 679 57.6
 DND1 3 0.3
Late PGCs
 DDX4 188 16.0
 DAZL 74 6.3
 PIWIL2 23 2.0
Meiosis
 STRA8 6 0.5
 SYCP1 5 0.4
 SYCP2 261 22.2
 SYCP3 479 40.7
 REC8 29 2.5
 STAG3 9 0.8
Oocyte
 NOBOX 1 0.1
 FIGLA 1 0.1
 ZP3 57 4.8
 GDF9 4 0.3
Surface proteins
 KIT 813 69.0
 EPCAM 1133 96.2
 PDPN 1110 94.2
 ITGA6 409 34.7
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Expression of mediators of different signaling 
pathways in the bovine fetal ovary

Our data confirmed that bovine PGCs express the KIT 
receptor (Kritzenberger & Wrobel 2004), while gonadal 
somatic cells expressed the KIT ligand (KITLG, also 
known as SCF) (Fig. 7), consistent with previous findings 
(reviewed by Driancourt et al. 2000).

It has been suggested that bone morphogenetic protein 
(BMP), Nodal, and Notch signaling cascades have roles 
in the initial development of the human germline (Li 
et  al. 2017). We identified expression of BMP2 and 
BMP4 ligands in different cell populations, particularly 
in PGCs (Fig. 7). BMP4 was more broadly expressed than 
BMP2, and it was among the top differentially expressed 
genes detected in the PGC cluster (Supplementary Table 
2). Receptors (ACVR1, BMPR1A) and effector (SMAD5) 
of BMP signaling were detected in several cell groups at 
different levels of expression. Notably, most of the cells 
expressing ACVR1, BMPR1A or SMAD5 corresponded 
to stromal cells, epithelial cells, and PGCs. 

The Nodal ligand was detected only in a few PGCs, 
but receptors (ACVR1C, ACVR2A) and nuclear effectors 
(SMAD2 and SMAD3) of the Nodal cascade, were 
present in several cell clusters with a higher number of 
positive cells in the stromal, epithelial, and PGC clusters. 
Since Nodal and Activin are both members of the TGFβ 
superfamily of signaling molecules, and signal through 

the same mediators (reviewed by Pauklin & Vallier 
2015), we evaluated the expression of the subunits 
IINHA, INHBA, and INHBB) (Fig. 7) that form Activins 
(A, B, and AB), as well as Inhibins (A, B, and AB). We 
detected expression of the three Inhibin subunits in our 
dataset, with specific enrichment in stromal cells and 
epithelial cells. 

Members of notch signaling members were found 
at varying levels of expression in many of the cell 
populations analyzed (Fig. 7). The Notch ligand DLL3 was 
mostly detected in PGCs, and the receptors NOTCH2, 
NOTCH3, the effector RBPJ (also known as CBF1), which 
cooperates with Notch intracellular domain to promote 
transcription, and the target gene HES1, were abundant 
in stromal and/or epithelial cells. The consistent 
expression of mediators of KIT, BMP, Nodal/Activin, and 
Notch signaling in PGCs and supporting somatic cells of 
the bovine fetal gonad, suggest that these pathways may 
be involved in the interaction between bovine PGCs and 
their niche.

Discussion

Obtaining a pure population of PGCs for molecular 
profiling is challenging. Previous means used to identify 
bovine PGCs included AP activity, KIT expression, 
detection of specific lectins, and histological features. 
AP activity and KIT expression are unspecific methods 

Figure 3 Expression of well-conserved germ 
cell markers in bovine fetal gonads. 
Immunofluorescence for PRDM1, OCT4, 
DAZL, and DDX4 in gonads from 40 to 90 
days of fetal age. Nuclear staining was 
performed using Hoechst 33342. Scale bar 20 
μm. OCT4 and PRDM1 detection was 
confined to the nuclei of PGCs, and DAZL and 
DDX4 to the cytoplasm. This is in agreement 
with their roles as transcriptional regulators 
and RNA-binding proteins, respectively.
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to identify germ cells, as they are also present in 
hematopoietic cells and gonadal somatic cells (Ohno 
& Gropp 1965, Lavoir et  al. 1994, Kritzenberger & 
Wrobel 2004). Similar to other species, bovine PGCs 
have a characteristic morphology that allows their 
identification (Leichthammer et al. 1990, Wrobel & Süß 
1998); however, identification of cells by morphology 
is impractical, considering the time required for tissue 
dissociation and manual cell selection. Targeting specific 
lectins on bovine PGCs does not offer a great advantage 
either, as glycan-binding antibodies have weak affinity 
for their target, leading to poor sensitivity (Haab 2012). 
DDX4 is a germline-specific marker frequently used for 
sorting human germ cells, but since the expression of a 
membrane-bound isoform of DDX4 in pre-meiotic germ 
cells is debatable, the use of commercially available 
anti-DDX4 antibodies for sorting purposes has shown 
conflicting outcomes (Woods & Tilly 2013, Zarate-Garcia 
et al. 2016, Wagner et al. 2020). Therefore, by performing 
scRNA-seq, we overcame the limiting step of cell sorting 

and obtained the transcriptional landscape of bovine 
PGCs and of different cell groups within the fetal ovary.

The relatively undifferentiated state of bovine PGCs 
captured by scRNA-seq and the positive expression 
of master regulators of human germline commitment 
suggest that the signaling network governing bovine 
PGC specification might be similar to what has been 
described in humans. Our scRNA-seq data indicated 
that at 50 days of fetal age, the transcriptional profile 
of bovine PGCs is characterized by the expression of 
PRDM1, TFAP2C, SOX17, SOX15, SALL4, LIN28A, 
KLF4, and ITGA6 (Table 3), with SOX17 being one of the 
top differentially expressed genes (Supplementary Table 
2), and lacking SOX2 expression (Fig. 5B). Therefore, 
bovine PGCs seem to possess a transcriptional network 
similar to human PGCs. It has been postulated that 
SOX17 exerts its critical function in the development of 
the human germline by regulating gene expression as a 
binding partner of OCT4 (Tang et al. 2016). Expression 
of SOX17 and SOX2 are mutually exclusive in human 

Figure 4 Expression of transcriptional 
regulators of germline development in bovine 
PGCs. (A) Violin plots of common (PRDM1, 
PRDM14 and TFAP2C), and species-specific 
genes with a function in human (SOX15 and 
SOX17) germline development. (B) Relative 
expression of PRDM1, TFAP2C, SOX17, SOX2, 
and PRDM14 in fetal gonads between 45 and 
90 days of fetal age, and adult testes and 
ovaries. Numbers in fetal samples represent 
crown-rump length in cm.
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PGCs and downregulation of SOX2 is required for 
PGC-like cell differentiation in vitro (Lin et  al. 2014). 
OCT4 switches binding partners from SOX2 to SOX17, 
and regulates the expression of endoderm genes during 
mouse primitive endoderm differentiation (Aksoy 
et  al. 2013). Interestingly, targets of the SOX17-OCT4 
partnership are PRDM1 and SALL4 (Aksoy et al. 2013), 
which are both also expressed in bovine PGCs (Table 3). 
Therefore, our data support the notion that there might 
be a correspondence between embryonic structure and 
usage of transcription factors, and that SOX17 may be 
critical in determining PGC fate in species that develop 
as bilaminar discs, such as pigs, primates and cattle 
(Kobayashi & Surani 2018). It will be of interest in the 
future to evaluate the requirement for SOX17 in the 
development of the bovine germline. 

Unlike PRDM1, which seems to have a conserved 
role in PGC fate across mammals, PRDM14 function 
seems to be less explicit. In mouse PGCs, PRDM14 
is involved in repressing the somatic program, 
upregulating germline-specific genes, and promoting 
epigenetic reprogramming (Saitou et  al. 2002, Yabuta 
et al. 2006, Seki et al. 2007). Instead in human PGCs the 
role of PRDM14 is less understood. Since in fetal gonads 
PRDM14 has a cytoplasmic location (Irie et al. 2015) and 
its knockdown did not affect PGC-like cell specification 
(Sugawa et al. 2015) it has been suggested that PRDM14 
is dispensable for human PGC fate. However, a recent 
report put in evidence the crucial role of PRDM14 in the 

differentiation of human PGC-like cells by inducing a 
rapid and comprehensive loss of endogenous PRDM14 
protein (Sybirna et  al. 2020). Thus, we compared the 
expression profile of PRDM14 in bovine and human 
PGCs and interestingly, only a small group of bovine 
PGCs expressed PRDM14. This difference could be 
attributed to a different role of PRDM14 in bovine PGC 
fate, or possible to the different scRNA-seq platform 
used between datasets. 

The transcriptome of bovine PGCs revealed the 
expression of genes coding for membrane-bound 
proteins that could be of utility for cell sorting. Besides 
the KIT receptor (Kritzenberger & Wrobel 2004), bovine 
PGCs also expressed PDPN, EPCAM, and ITGA6. Even 
though these markers do not seem to be specific to the 
germline, they may be a good alternative to the also 
unspecific KIT receptor, especially if they are targeted 
simultaneously. KIT, AP, PDPN, EPCAM, and ITGA6 
have also been used to sort or quantify gonadal and in 
vitro generated germ cells in humans (Guo et al. 2015, 
Irie et al. 2015, Sasaki et al. 2015, Kobayashi et al. 2017, 
Li et al. 2017, Yokobayashi et al. 2017, Chen et al. 2018).

Different signaling pathways have roles in regulating 
the delicate interaction between PGCs and gonadal 
somatic cells. BMP signaling has a well-known role 
in determining germline fate and regulating follicular 
development (reviewed by Rossi et  al. 2016). BMP4 
and BMP7, secreted from theca and granulosa cells, 
are important for the primordial to primary follicle 

Figure 5 Similarities between bovine and 
human PGCs transcriptional profile. (A) 
Integration of scRNA-seq data from bovine (50 
days) and human (5–26 weeks) fetal germ cells 
at different stages of differentiation (Li et al. 
2017). (B) Comparison of the expression of 
germline-specific genes between bovine PGCs 
and human fetal germ cells (Li et al. 2017). (C) 
Expression of EPCAM, KIT, PDPN, and ITGA6 
genes coding for membrane-bound proteins in 
bovine PGCs and human fetal germ cells (Li 
et al. 2017). FGCs, fetal germ cells; RA, 
retinoic acid.
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transition (Lee et  al. 2001, Nilsson & Skinner 2003). 
Granulosa cells of human fetal ovaries are characterized 
by having high expression of BMP2, which possibly 
plays a role during the mitosis-meiosis transition of 
germ cells (Li et al. 2017). In the bovine fetal gonad, we 
detected BMP2 and BMP4 ligands in germ cells, and 
BMP7 highly expressed in a small group of cells in the 
somatic compartment. Receptors and mediators of BMP 
signaling were present in stromal cells, epithelial cells, 
and PGCs. These results suggest that BMP signaling 
operates two-ways between PGCs and the somatic 
compartment in the bovine fetal ovary. Human PGCs 
might induce differentiation of other germ cells through 
activation of the Nodal/Activin signaling pathway (Li 
et  al. 2017). Our results indicate that Nodal/Activin 
signaling may also be active in different cell populations 
of the fetal ovary, but mainly in stromal cells, epithelial 
cells, and PGCs. We hypothesize that neither Activins 
nor Nodal ligands are the main drivers of activation of 
the cascade, but rather, that Inhibins are the ligands 
that trigger activation of Activin/Nodal pathway in 
the bovine fetal ovary. Recently the role of the Notch 

pathway in the development of the mammalian ovary 
has begun to be elucidated (Vanorny & Mayo 2017). 
Notch activation in somatic cells of the mouse fetal 
ovary is required for germ cell nest breakdown, follicle 
assembly (Xu & Gridley 2013, Vanorny et al. 2014), and 
meiosis entry (Feng et al. 2014). Our scRNA-seq results 
show high expression of the DLL3 ligand in PGCs, and 
expression of the NOTCH2 receptor and the target gene 
HES1 in somatic cells, in agreement with findings in 
the human fetal gonad (Li et al. 2017). Therefore, these 
results suggest that Notch signaling plays an important 
role during gonad development, which is conserved 
among the mouse, human, and cow. 

Another difference between mouse and human 
germ cells development is the pattern by which 
differentiation proceeds. In the mouse fetal ovary, 
meiosis progresses in a rostro-caudal wave (Bowles 
et al. 2006, Koubova et al. 2006) while in the human 
fetal ovary meiosis occurs radially (Anderson et  al. 
2007). Interestingly, our data indicate similarities 
between the bovine and human germline in terms of 
spatio-temporal differentiation. In fetal ovaries, we 

Figure 6 Expression of germ cell markers in 
whole bovine ovaries. Immunofluorescence 
for OCT4 and DAZL in the developing ovary. 
Histological sections were imaged at 20× and 
pictures were merged to inspect a complete 
section of the ovary. Nuclear staining was 
performed using Hoechst 33342. Scale bars 
100 μm.
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detected a progressive downregulation of OCT4 from 
the center to the periphery. Germ cells in seminiferous 
tubules also progressively lost expression of OCT4, and 
only few OCT4-positive cells remained among DAZL/
DDX4-positive cells at day 80 of development. This is 
in agreement with characterizations of the developing 
human testis, where differentiation is asynchronous and 
germ cells expressing early and late markers coexist 
inside the same seminiferous tubule (Anderson et  al. 
2007, Sohni et  al. 2019). These results may indicate 
that the progression of bovine PGC differentiation is 
asynchronous and that germ cells at different stages of 
differentiation coexist in the fetal gonad, similar to what 
has been reported for the human ovary (Anderson et al. 
2007).

Conclusions

Results from this work offer new insights into the 
mechanisms that govern gonadal and germline 
development in cattle. The data we report here is a useful 
resource to understand the different cell compartments 
of the developing gonad, the reciprocal relationship 
between germ cells and their niche, and the factors 
that may affect germ cell development. Further, results 
from this study may provide the basis for developing 
approaches for in vitro differentiation of bovine 
gametes from pluripotent stem cells. The similarities 
we found in the transcriptional profile of human and 
bovine PGCs confirm that mouse biology can only be 
partially extrapolated to other mammalian species and 
indicate that cattle may be a suitable model to study the 
specification and commitment of PGCs in humans.
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Figure 7 Gene expression of members of 
different signaling pathways in the bovine fetal 
ovary. Dot plot of the average level of 
expression (dot color) and percentage of 
positive cells in each cell cluster (dot size). 
Genes in black represent ligands. Genes in 
purple represent receptors, effectors, or targets 
of each signaling cascade.
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Abstract

In species with seasonal breeding, male specimens undergo substantial testicular

regression during the nonbreeding period of the year. However, the molecular

mechanisms that control this biological process are largely unknown. Here, we

report a transcriptomic analysis on the Iberian mole, Talpa occidentalis, in which the

desquamation of live, nonapoptotic germ cells is the major cellular event responsible

for testis regression. By comparing testes at different reproductive states (active,

regressing, and inactive), we demonstrate that the molecular pathways controlling

the cell adhesion function in the seminiferous epithelium, such as the MAPK, ERK,

and TGF‐β signaling, are altered during the regression process. In addition, inactive

testes display a global upregulation of genes associated with immune response,

indicating a selective loss of the “immune privilege” that normally operates in

sexually active testes. Interspecies comparative analyses using analogous data from

the Mediterranean pine vole, a rodent species where testis regression is controlled

by halting meiosis entry, revealed a common gene expression signature in the

regressed testes of these two evolutionary distant species. Our study advances in

the knowledge of the molecular mechanisms associated to gonadal seasonal

breeding, highlighting the existence of a conserved transcriptional program of testis

involution across mammalian clades.

K E YWORD S

cell adhesion, immune response, Microtus duodecimcostatus, seasonal reproduction, seasonal
testis regression, Talpa occidentalis, testis transcriptome
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1 | INTRODUCTION

In temperate zones of the Earth, most species reproduce during the

season that offers the best conditions for breeding success. In the

transition period between the reproductive and the nonreproductive

seasons, the gonads of both sexes undergo substantial changes,

whose nature is species‐specific (Jiménez et al., 2015). In females,

ovaries entry in anoestrus (Das & Khan, 2010) and sexual receptivity

is either reduced or abolished, as shown in the musk shrew, Suncus

murinus (Temple, 2004). In males of several species, a process of

testis regression takes place by which gonad volume is remarkably

reduced and spermatogenesis is arrested, as described in the Syriam

hamster, Mesocricetus auratus (Martínez‐Hernández et al., 2020;

Seco‐Rovira et al., 2015), the black bear, Ursus americanus (Tsubota

et al., 1997), the Iberian mole, Talpa occidentalis (Dadhich et al., 2010,

2013), the large hairy armadillo Chaetophractus villosus (Luaces et al.,

2013), the wood mouse, Apodemus sylvaticus (Massoud et al.,

2021), and the Mediterranean pine vole, Microtus duodecimcostatus

(Lao‐Pérez et al., 2021), among others.

Seasonal breeding relies on circannual modulations

of the main regulator of the reproductive system, the

hypothalamic–pituitary–gonadal (HPG) axis. In sexually active

males the gonadotropin‐releasing hormone, GnRH, which is

secreted by the hypothalamus, induces the hypophysis (pituitary)

to produce and secrete gonadotropic hormones (luteinizing

hormone, LH, and follicle‐stimulating hormone, FSH) which, in

turn, activates both the production of steroids by Leydig cells and

the spermatogenic cycle. Environmental cues modulate the

function of this axis, being the photoperiod by far the best

known, although other factors, such as food and water availabil-

ity, stress, and weather, can either modify or even overcome the

influence of photoperiod (Bronson & Heideman, 1994; Martin

et al., 1994; Nelson et al., 1995). In the nonreproductive season,

these environmental cues alter the levels of HPG axis hormones,

resulting in reduced levels of serum gonadotropins and circulating

testosterone, leading to alterations of the spermatogenic cycle

and, most frequently, to a halt in gamete production (Dardente

et al., 2016).

For many years, germ cell apoptosis was considered to be the

only cellular process responsible for germ cell depletion during

seasonal testis regression (Pastor et al., 2011; Young & Nelson,

2001). However, more recently, alternative mechanisms have been

reported, including germ cell desquamation (sloughing, detachment)

(Dadhich et al., 2013; Luaces et al., 2014; Massoud et al., 2018), a

combination of apoptosis and autophagy (González et al., 2018), and

germ cell de‐differentiation (Liu et al., 2016). Despite this, the genetic

control of these testicular changes is poorly understood and

insufficiently investigated. Expression profiling studies provide both

an integrated view of the interacting molecular pathways operating in

the testis and relevant information about which of them are altered

during seasonal testis regression. The transcription profile of active

and inactive testes of seasonal breeding males have been studied in

some few mammalian species using either microarray, as in the

Syriam hamster, M. auratus (Maywood et al., 2009) or RNA‐seq

technology, as in the European beaver, Castor fiber (Bogacka et al.,

2017), the plateau pika, Ochotona curzoniae (X. Wang, Adegoke, et al.,

2019; Y.‐J. Wang, Jia, et al., 2019), and the Mediterranean pine vole,

M. duodecimcostatus (Lao‐Pérez et al., 2021). However, the number

and identity of the deregulated genes vary substantially from study to

study, a fact that might reflect gene expression differences among

species, but it is also likely that these differences are due to the use

of distinct profiling technologies and/or bioinformatic analysis. For

instance, no data normalization was done in these studies to prevent

over‐representation of meiotic and postmeiotic germ‐cell specific

transcripts in the testes of active males (these cell types are absent in

the inactive testes). In fact, these disproportionate gene expression

differences between active and inactive testes are derived from their

different cell contents and do not reflect regulatory changes related

to seasonal testis regression. Hence, data must be normalized as

these large differences would mask functionally relevant changes in

gene expression produced in somatic cells, mainly Sertoli cells (SCs),

which do actually regulate the spermatogenic cycle. More species

have to be investigated to identify evolutionarily conserved

transcriptomic alterations related to seasonal testis regression.

The Iberian mole, T. occidentalis, develop sexual features that are

unique among mammals, as females consistently develop bilateral

ovotestes (gonads with both ovarian and testicular tissue) instead of

normal ovaries (Barrionuevo et al., 2004; Jimenez et al., 1993). In

addition, moles are strict seasonal breeders. In southern Iberian

Peninsula, reproduction occurs during the autumn‐winter period

(October–March) whereas spring‐summer (April–September) is the

quiescence season. In summer, circulating testosterone levels are

reduced and the regressed (inactive) testis shrinks to one‐fourth of

their winter volume and mass. This testis regression is mediated by

desquamation of live, nonapoptotic germ cells occurring in spring

(April–May). In the regressed testes, spermatogonia continue enter-

ing meiosis, but spermatogenesis does not progress beyond the

primary spermatocyte stage (pachytene), as meiotic cells are

eliminated by apoptosis. Also, the expression and distribution of

the cell‐adhesion molecules in the seminiferous epithelium are

altered, and the blood‐testis barrier (BTB) becomes permeable

(Dadhich et al., 2010, 2011, 2013).

We have recently sequenced and annotated the genome of

T. occidentalis, shedding light on the genomic changes and molecular

adaptations that lead to female ovotestis formation (Real et al., 2020).

Using this resource, we have now explored the genetic control of the

changes that the testis of the Iberian mole undergoes during the

process of testicular regression. By performing a transcriptomic

analysis of active, regressing, and inactive testes, we demonstrate

that pathways such as extracellular matrix organization and cell

junction assembly are derregulated during testis regression, as well as

the molecular pathways that control these processes during normal

testicular function, mainly the MAPK signaling pathway. We also

found that inactive testes have lost the “immune privilege” (reduced

immune response) that operates normally in active testes. Finally, we

performed an inter‐species comparative analysis against analogous
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datasets we reported for the Mediterranean pine vole (Lao‐Pérez

et al., 2021), finding that a large number of genes are commonly

deregulated in the inactive testes of both species. These genes are

enriched in pathways such as the MAPK and regulation of the

immune response, indicating the existence of common molecular

mechanisms operating in the regressed testes of seasonal breeding

mammals.

2 | RESULTS

2.1 | The expression of genes controlling cell
adhesion and immune response is altered in the
regressed testes of T. occidentalis

As we reported previously (Dadhich et al., 2010, 2013), the testes of

Iberian mole males captured in the breeding period (autumn and

winter) were four times larger than those of males captured in the

nonbreeding period (spring and summer; Figure 1a). These inactive

testes contained seminiferous tubules very reduced in diameter and

lacked a well‐developed germinative epithelium, as spermatogenesis

was arrested at the primary spermatocyte stage (Supporting

Information: Figure S1). To find differences in gene expression, we

performed RNA‐seq on active and inactive testes of T. occidentalis.

Multidimensional scaling plot showed that replicate samples of the

same breeding season clustered together, indicating consistent

differences in the testis transcriptome between the breeding and

the nonbreeding periods (Supporting Information: Figure S2).

Before normalization for differences in germ cell contents between

active and inactive testes, differential expression analysis of

RNA‐seq data revealed 7049 differentially expressed genes (DEGs)

between the two breeding periods, from which 3365 were

upregulated (up‐DEGs) and 3684 downregulated (down‐DEGs) in

the regressed testes (FDR < 0.05 and |log2FC | > 1; Supporting

Information: Figure S3; Supporting Information: Table S1). GO

analysis of these DEGs showed a significant enrichment

(Padjust < 0.05) in a number of categories, many of them associated

to biological processes occurring during spermatogenesis and

spermiogenesis, including “cilium organization” (GO:0044782;

Padjust = 1.9 × 10−6), “microtubule‐based movement” (GO:0007018;

Padjust = 8 × 10−4), spermatogenesis (GO:0007283; Padjust = 1.7 ×

10−3), and “sperm motility” (GO:0097722; Padjust = 6.8 × 10−3)

among others (Supporting Information: Figure S3; Supporting

Information: Table S2). These results evidence the need for a

normalization of the data, as most of these GO terms are related to

cell contents differences between active and inactive testes, rather

than to actual gene expression alterations during testis regression.

After normalization, the distance between active and inactive

samples was reduced in the multidimensional scaling plot

(Supporting Information: Figure S2), indicating that our approach

removed in fact differences derived from the distinct germ cell

contents between active and inactive testes. In the normalized set of

genes, we identified 4327 DEGs, from which 2055 were up‐DEGs

and 2272 were down‐DEGs (Figure 1b; Supporting Information:

Table S3). GO analysis of DEGs and down‐DEGs showed very few

significant categories (Padjust < 0.05; Supporting Information:

Tables S4 and S5). In contrast, for the up‐DEGs, we found terms

related to the cell adhesion function of the seminiferous epithelium,

including “regulation of cell adhesion” (GO:0030155; Padjust = 2 ×

10−4), “extracellular matrix organization” (GO:0030198; Padjust = 3 ×

10−4), “cell junction assembly” (GO:0034329; Padjust = 2.9 × 10−3),

and “cell‐matrix adhesion” (GO:0007160; Padjust = 3 × 10−2), among

others (Figure 1c; Supporting Information: Table S6). We next

searched for enriched GO terms related to molecular pathways

and we found several GO terms related to SC signaling involved in

the regulation of spermatogenesis and BTB dynamics, including

“MAPK cascade” (GO:0000165; Padjust = 4 × 10−3) (Ni et al., 2019)

“positive regulation of small GTPase mediated signal transduction”

(GO:0051057; Padjust = 3 × 10−2; Lui et al., 2003a), “ERK1 and ERK2

cascade” (GO:0070371, Padjust = 2 × 10−3; Zhang et al., 2014),

“regulation of cytosolic calcium ion concentration” (GO:0051480;

Padjust = 2 × 10−2; Gorczynska & Handelsman, 1995), “response to

transforming growth factor beta” (GO:0071559; Padjust = 9 × 10−3; Ni

et al., 2019), “Notch signaling pathway” (GO:0007219; Padjust = 1 ×

10−3; Garcia et al., 2013), and “canonical Wnt signaling pathway”

(GO:0060070; Padjust = 4 × 10−2; X. Wang, Adegoke, et al., 2019;

Y.‐J. Wang, Jia, et al., 2019) (Figure 1c; Supporting Information: -

Table S6). Gene‐concept analysis using these data resulted in a large

network in which MAPK/ERK1/2 signaling occupied a central position

sharing many genes with the other molecular pathways and with the

biological process “cell‐cell adhesion” (Figure 1d).

The GO analysis of up‐DEGs also revealed an enrichment of

genes participating in the immune response (Figure 1c; Support-

ing Information: Table S6) including “positive regulation of NF‐

kappaB transcription factor activity” (GO:0051092; Padjust = 2 ×

10−3), “macrophage activation” (GO:0042116; Padjust = 1 × 10−2),”

response to tumor necrosis factor” (GO:0034612; Padjust = 4 × 10−2),

“positive regulation of leukocyte activation“ (GO:0002696; Padjust =

3.9 × 10−2), “regulation of inflammatory response” (GO:0050727;

1.6 × 10−3), and “response to cytokine” (GO:0034097; Padjust = 3 ×

10−8). Gene‐concept analysis using these data generated a network in

which both TNF and NF‐Kappa signaling share many genes with

biological processes involved in the activation of the immune system

(Figure 1e).

2.2 | Transcriptome alterations at the onset of
testis regression in T. occidentalis

Our previous analysis revealed that several molecular pathways are

altered in inactive testes when compared to the active ones.

However, as these stages represent end‐points of the activation‐

regression cycle, the results might not be indicative of the biological

processes that are causative of testis regression. In the population we

investigated, males of the Iberian mole undergo testis regression

during the months of March and April, when seminiferous tubules
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F IGURE 1 (See caption on next page)
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shrink due to the germinative epithelium disorganization caused by a

massive desquamation of live meiotic and post‐meiotic germ cells

(Figure 2a–c; Dadhich et al., 2010, 2013). Therefore, we also

captured moles in April and generated transcriptomes from inactivat-

ing (regressing) testes. Multidimensional scaling plot showed that

replicate samples of the same reproductive season clustered

together, the inactivating samples being located between the active

and the inactive ones. In this plot, the separation between active and

inactivating testes was shorter than that between inactivating and

inactive ones, confirming that we obtained transcriptomes corre-

sponding to testes that were likely initiating the regression process

(Figure 2d). Differential expression analysis between active and

inactivating testes identified 452 DEGs, from which 207 were

upregulated and 245 downregulated in the samples of the inactivat-

ing testes (FDR < 0.05 and |log2FC | > 1; Figure 2e; Supporting

Information: Table S7), a number much smaller than that of DEGs

identified between active and inactive testes (see above). From these

452 DEGs, 446 were also differentially expressed between active and

inactive testes. Almost all genes found to be downregulated in one

comparison (active/inactivating) were also downregulated in the

other one (active/inactive), and the same happened with the

upregulated genes (Figure 2f; see log2FCs in Supporting Information:

Table S8). In general, the amplitude of the changes in gene expression

observed in the comparison active/inactive was greater than that in

the active/inactivating one (Figure 2f, note that the log2FCs vary

between −5 and 9 in the first case (x‐axis), and between −3 and 3 in

the second one (y‐axis); Supporting Information: Table S8). Accord-

ingly, the magnitude of the expression changes in most genes

(|log2FC |) was greater in the active/inactive comparison than in the

active/inactivating one (red dots in Figure 2f; Supporting Information:

Table S8). GO analysis using either all the DEGs or just the

downregulated genes identified in the active/inactivating comparison

testes revealed no significant enriched category. Contrarily, in the

upregulated genes we found a significant enrichment (Padjust < 0.05)

in a number of biological processes (Figure 2g; Supporting Informa-

tion: Table S9), related to epithelium development, cell migration,

wound healing and vasculogenesis (Figure 2g). We did not find any

significantly enriched GO term associated to signaling pathways. So,

we decided to search for DEGs between active and inactivating

testes in the molecular pathways identified in the previous analysis

(Figure 1e; Supporting Information: Table S4). We found 29 genes

belonging to “MAPK cascade” (GO:0000165), 14 genes to the” ERK1

and ERK2 cascade” (GO:0070371), 11 to “response to transforming

growth factor beta” (GO:0071559), 11 to “regulation of small GTPase

mediated signal transduction” (GO:0051056; Supporting Information:

Table S10), 7 to “regulation of cytosolic calcium ion concentration”

(GO:0051480), and 6 to “Notch signaling pathway” (GO:0007219). In

addition, we found 27 genes altered in the category “cell‐cell

adhesion” (GO:0098609). Gene‐concept analysis using these data

revealed an interacting network with many of these genes shared by

several categories (Figure 2h). Altogether, these results suggest that

the expression of genes belonging to several molecular pathways is

altered at the beginning of testis regression, and that this alteration

affects more genes (and probably more pathways) as the regression

proceeds, thus ensuring the maintenance of the regressed status of

the inactive testes of T. occidentalis. The MAPK/ERK1/2 pathway

seems to play an essential role in this process.

2.3 | Transcriptomic analysis of early
spermatogenesis in the regressed testis of
T. occidentalis

We next investigate gene expression in the extant germ cells of the

regressed testis. Consistent with our previous observations, double

immunofluorescence for DMRT1, a marker of Sertoli and spermatogonial

cells, and for DMC1, a marker for zygotene and early pachytene primary

spermatocytes, revealed that spermatogonia maintain active proliferation

in inactive testes and that a small number of spermatocytes reach the

early pachytene stage (Figure 3a,b; Dadhich et al., 2011). Because of this,

we decided to study the cell‐specific expression profile of the early stages

of spermatogenesis in active and inactive testes of the Iberian mole. For

this, we used the gene expression signature of spermatogenic clusters

reported by Hermann et al. (Hermann et al., 2018), assigning the genes

we found to be differentially expressed between active and inactive

testes to each of the early spermatogenic clusters, from undifferentiated

spermatogonia to pachytene spermatocytes (Supporting Information:

Table S11). Within these clusters, the number of downregulated genes

increased as spermatogenesis progressed, being predominant at the

pachytene stage (Figure 3c). However, this is probably a consequence of

the much higher number of pachytene spermatocytes present in the

active testis (see red cells in Figure 3a,b), rather than a reflection of actual

changes in gene expression within cells. Biological theme comparison of

downregulated genes in the inactive testes within these clusters

F IGURE 1 Transcriptomic analysis of seasonally active and inactive testes of Talpa occidentalis. Low magnification of hematoxylin and eosin‐
stained histological sections of seasonally active and inactive testes of the Iberian mole during the breeding (winter) and nonbreeding (summer)
seasons (a). Note the pronounced reduction in testis size occurring during seasonal testis regression in this species. Scale bars represent 1mm.
(b) Volcano plot of the differential gene expression between active and inactive testes after normalization for different contents in germ cells.
(c) Gene ontology analysis of the deregulated genes revealed a significant enrichment (Padjust < 0.05) in biological processes and molecular
pathways associated to normal testicular functions. (d) Cnetplot of several significantly enriched molecular pathways identified in our GO
analysis. (e) Gene‐concept analysis of several significantly enriched GO terms associated with the activation of the immune system. In pictures
(c–e), red color indicates downregulation and bluish color upregulation during testis regression. In figures (d, e), the size of sepia circles is
proportional to the number of deregulated genes they represent.
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F IGURE 2 (See caption on next page)
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(excluding the pachytene cluster) revealed in spermatogonial cells an

enrichment of terms associated to “protein polyubiquitination”

(GO:0000209), “covalent chromatin modification” (GO:0016569), “regu-

lation of chromosome organization” (GO:0033044) and “DNA methyla-

tion” (GO:0006306). From the differentiated spermatogonia stage on, we

identified GO categories associated to meiosis, including “nuclear

chromosome segregation” (GO:0098813) and “meiotic nuclear division”

(GO:0140013) among others (Figure 3d; Supporting Information:

Table S12). As most of these latter biological processes are not completed

in the inactive gonads, the differential expression detected for these

genes is again probably a consequence of the different germ cell contents

of active and inactive testes. Biological theme comparison of upregulated

genes showed an enrichment in general biological processes such as

“cotranslational protein targeting to membrane” (GO:0006613), “protein

localization to endoplasmic reticulum” (GO:0070972), and “cellular

respiration” (GO:0045333) among others (Figure 3e; Supporting Informa-

tion: Table S13). Overall, these results clearly show that polyubiquitination

seems to be a function affected in spermatogonial cells during testis

regression. However, our findings at later stages (early meiotic prophase)

are less consistent as the detected alterations could probably be derived

from the different germ cell contents of seasonally active and inactive

testes of T. occidentalis.

F IGURE 3 Transcriptomic analysis of early spermatogenesis in the inactive testis of Talpa occidentalis. Double immunofluorescence for
DMRT1 (a marker for both Sertoli and spermatogonial cells) and for DMC1 (a marker for zygotene and early pachytene spermatocytes) in active
(a) and inactive (b) testes. Note that the number of primary spermatocytes (red cells) is highly reduced in the inactive testis. (c) Number of genes
predicted to be deregulated in each of the cell types of the early spermatogenic stages in the inactive testes of T. occidentalis. (d) Biological
theme comparison of genes downregulated during testis regression in the early stages of spermatogenesis of the Iberian mole. (e) Biological
theme comparison of genes upregulated during testis regression in the early stages of spermatogenesis of the Iberian mole. Scale bar in (b)
represents 50 µm for (a, b). Original colors in (a, b) have been changed to make the figure accessible to color‐blind readers.

F IGURE 2 Transcriptomic analysis of regressing (inactivating) testes of Talpa occidentalis. (a–c) Hematoxylin and eosin‐stained histological
sections of active (a), regressing (b), and inactive (c) testes of the Iberian mole. Note that seminiferous tubules of regressing testes have an
intermediate size between those of active and inactive ones. (d) Multidimensional scaling plot of replicate samples of testes. Note that the
regressing samples are placed between the active and inactive ones. (e) Volcano plot of the differentially expressed genes (DEGs) between active
and regressing testes. (f) Log2 fold change scatterplot representing the DEGs detected in the comparison between active and inactive testes
against those observed in the comparison between active and regressing ones. (G) GO analysis of the deregulated genes identified in the
comparison between active and regressing testes. (h) Gene‐concept analysis of DEGs belonging to several molecular pathways. In pictures (e and
h), red color indicates gene downregulation and bluish color upregulation during testis regression. In figure (h), the size of sepia circles is
proportional to the number of deregulated genes they represent. Scale bar in (c) represents 100 µm for (a–c).
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2.4 | Several biological processes are commonly
affected in the regressed testes of both T. occidentalis
and M. duodecimcostatus

We have recently reported the changes that the testicular

transcriptome of the Mediterranean pine vole, M. duodecimcosta-

tus, undergo during its seasonal reproductive cycle in southeastern

Iberian Peninsula (Lao‐Pérez et al., 2021). The inactive testes of this

species show a clear difference with those of the Iberian mole:

meiosis initiation is completely stopped, so that no zygotene or

pachytene cells are present in the regressed seminiferous tubules.

To explore the similarities of testicular regression between moles

and voles, which are representative species of the Eulipotyphla and

Rodentia orders, respectively, we decided to compare our testis

transcriptomic datasets. We initially searched for genes that were

either upregulated or downregulated in the regressed testes in both

species (FDR < 0.05 and |log2FC | > 1), and identified 1529 genes,

900 of which were upregulated and 629 downregulated

(Figure 4a,b and Supporting Information: Table S14). For these

genes, we plotted the log2FC of one species against the other one

and found a linear correlation between both sets of data (Figure 4c;

Pearson correlation test, cor. coeff = 0.85; p < 2.2 × 10−16), showing

that many alterations in gene expression occur during the testis

regression process of the two species. As expected, GO analysis

of downregulated genes revealed a significant enrichment

(Padjust < 0.05) in a reduced number of biological processes related

to spermatogenesis and sperm differentiation (Supporting Informa-

tion: Table S15). In contrast, in the group of upregulated genes, we

identified many categories that were also detected in our previous

analyses (Figure 4d; Supporting Information: Table S16), including

“cell‐cell adhesion (GO:0098609; Padjust = 1.7 × 10−3) and “extra-

cellular matrix organization” (GO:0030198; Padjust = 1.2 × 10−5).

This analysis also reported enriched GO terms associated to the

same molecular pathways identified separately in both species,

such as “regulation of MAPK cascade” (GO:0043408; Padjust =

9.3 × 10−6), “response to transforming growth factor beta”

(GO:0071559; Padjust = 3.9 × 10−4), “ERK1 and ERK2 cascade”

(GO:0070371; Padjust = 3.8 × 10−4), and “regulation of cytosolic

calcium ion concentration” (GO:0051480; Padjust = 2 × 10−2)

(Figure 4d; Supporting Information: Table S16). Gene‐concept

analysis revealed a complex interacting network with genes

shared by several categories (Figure 4e). Moreover, our GO analysis

also identified several enriched categories related to the activation

of the immune system (Figure 4d; Supporting Information:

Table S16), including “positive regulation of NF‐kappaB

transcription factor activity” (GO:0051092; Padjust = 9 × 10−4),

“cytokine production” (GO:0001816; Padjust = 7 × 10−7), “macro-

phage activation” (GO:0042116; Padjust = 2 × 10−3), “response to

tumor necrosis factor” (GO:0034612; 4 × 10−2), and “leukocyte

activation” (GO:0045321; Padjust = 2 × 10−7). Gene‐concept analy-

sis on these terms again revealed a cooperative network (Figure 4f),

indicating that activation of the immune system is a common

feature in the regressed testes of both species.

3 | DISCUSSION

We have previously reported the seasonal changes that the testes of

T. occidentalis undergo at the histological, immunohistological, and

hormonal level (Dadhich et al., 2010, 2011, 2013). To deepen in the

molecular mechanisms underlying these changes, we have analyzed

here the transcriptome of testes at different time points in the

reproductive cycle of this species. We reported previously that,

during the nonbreeding season, male moles have reduced levels of

serum testosterone and regressed testes in which spermatogenesis is

arrested, expression of cell adhesion molecules is disrupted and the

BTB is not functional (Dadhich et al., 2013). Consistent with this, our

transcriptome study shows that biological processes such as “cell‐cell

adhesion” and “cell junction assembly” as well as several molecular

pathways including MAPK, ERK1/2, TGF‐β, Cytosolic Ca2+, PI3K,

GTPase, and TNF (which operate in SCs and are necessary for

spermatogenesis), and the dynamics of tight and adherens junctions

forming the BTB, are altered in the inactive testes of T. occidentalis.

The mitogen‐activated protein kinases (MAPKs) comprise a family of

regulators involved in the control of many physiological processes

(Y. Sun et al., 2015). There are three classical subfamilies of MAPKs,

(a) the extracellular signal‐regulated kinases (ERKs), (b) the c‐Jun

N‐terminal kinases (JNKs), and (c) the p38 MAPKs, all of which are

known to regulate several aspects of the testicular function, including

cell division and differentiation during spermatogenesis and junc-

tional restructuring of the seminiferous epithelium (Ni et al., 2019;

Q. Y. Sun et al., 1999; C.‐H. Wong & Yan Cheng, 2005). The MAPK/

ERK1/2 pathway plays essential roles in modulating cell adhesion and

motility in several epithelia, including adhesion‐mediated signaling

(Howe et al., 2002), cytoskeleton dynamics (Stupack et al., 2000), and

junction disassembly (Y. Wang et al., 2004). In the testis, the

components of MAPK/ERK1/2 are found in SCs and all classes of

germ cells in the seminiferous epithelium (C.‐H. Wong & Yan Cheng,

2005), and regulates the formation of Sertoli–Sertoli and

Sertoli–matrix anchoring junctions and the tight junction forming

the BTB (Crépieux et al., 2001, 2002). This MAPK cascade also

regulates the formation of ectoplasmic specialization (ES), structures

that contribute to the adhesion between SCs at the BTB, and

between Sertoli and developing spermatids at the adluminal

compartment (Ni et al., 2019; Q. Y. Sun et al., 1999; C.‐H. Wong &

Yan Cheng, 2005). We found 132 and 52 genes belonging to

the MAPK and ERK1/2 pathways, respectively, upregulated in the

inactive mole testes (Supporting Information: Table S6, GO:0000165,

and GO:0070371), and our gene‐concept analysis showed that many

of them are shared by these two pathways and by other processes,

including cell junction assembly and regulation and cAMP‐mediated

signaling (Figure 1f). As mentioned above, MAPK can also act through

the p38 MAPK cascade (Engelberg, 2004). This subfamily is activated

by different pathways, including GTPases, usually resulting in

inflammatory responses or apoptosis. Members of the p38 MAPK

pathway have been found in SCs and elongate spermatids, and play a

role in controlling cell junction dynamics in the seminiferous

epithelium (C.‐H. Wong & Yan Cheng, 2005). In SCs, this pathway
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is activated in the presence of TGF‐β3, leading to disruption of the

tight‐junction proteins in the BTB (Lui et al., 2003a, 2003b; C. Wong

et al., 2004). Our transcriptomic analysis also revealed that the TGF‐β

and the GTPase pathways are altered in the mole inactive testes

(Figure 1f; Supporting Table S4). The different MAPK cascades are

likely to act in concert to regulate the BTB dynamics that facilitate

germ cell migration throughout the seminiferous epithelium during

the spermatogenic cycle (C.‐H. Wong & Yan Cheng, 2005), and

F IGURE 4 Biological functions altered in the inactive testes of both Talpa occidentalis and Microtus duodecimcostatus. (a,b) Venn‐diagram
representing the numbers of common genes downregulated (a) and upregulated (b) during testis regression. (c) Log2 fold change scatterplot
representing the differential gene expression between active and inactive testes of T. occidentalis against the same data from M.
duodecimcostatus. (d) Gene ontology analysis of DEGs shared by both T. occidentalis and M. duodecimcostatus. (e) Gene‐concept analysis of
several significantly enriched GO terms associated with known molecular pathways acting in the testes of both species. (f) Gene‐concept
analysis of several significantly enriched GO terms associated with the activation of the immune response in both species. In pictures (e,f), red
color indicates downregulation and bluish color upregulation of genes during testis regression, and the size of sepia circles is proportional to the
number of deregulated genes they represent.
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several observations confirmed that these pathways are hormonally

regulated. Testosterone can stimulate the MAPK/ERK signaling

(Cheng et al., 2007; Fix et al., 2004) and low levels of this hormone,

together with increased levels of TGF‐β3, leads to the loss of cell

adhesion molecules in the seminiferous epithelium, a process that

seems to be mediated by different MAPK cascades (Y. Wang et al.,

2004; C.‐H. Wong & Yan Cheng, 2005). In light of this knowledge,

our current transcriptomic data strongly suggest that the reduced

levels of testosterone that the Iberian mole undergoes during the

inactive season lead to the activation of different MAPK signaling

cascades in the testes, a fact that in concert with other molecular

pathways, including GTPase, PI3‐K and TGF‐β signaling, deregulates

the cell adhesion function in the seminiferous epithelium, leading to

BTB disruption and spermatogenic arrest.

As mentioned above, seasonal testis regression implies the

massive depletion of meiotic and postmeiotic germ cells of the tetis.

In T. occidentalis, this process occurs by desquamation of live, non‐

apoptotic germ cells. We found that most of the genes deregulated

during this period do remain deregulated during the nonbreeding

period, although at a less significant level. Among them, we found

genes involved in the regulation of pathways that control cell

adhesion such as MAPK, ERK1/2, GTPase, and TGF‐β, indicating that

deregulation of these pathways is likely to be also involved in the

massive germ cell desquamation that accompanies seasonal testis

regression in the mole.

A special immunological environment referred to as “immune

privilege” operates in functional testes and protect germ cells from

autoimmune attack. There are three main factors contributing to this

immune privilege: (a) the existence of the BTB, which isolates meiotic

and postmeiotic germ cells from the cells of the immune system,

(b) the reduced capacity of the testicular macrophages to mount an

inflammatory response, and (c) the production of anti‐inflammatory

cytokines by somatic cells (reviewed in (Fijak & Meinhardt, 2006;

Li et al., 2012; Zhao et al., 2014). Our transcriptomic analysis revealed

that categories related to immunological processes including “inflam-

matory response” “leukocyte activation” “macrophage activation”

and “response to cytokine,” were altered in the inactive testes of

T. occidentalis, as well as molecular pathways that regulate the

immune system, such as NF‐kappaB and TNF, denoting the activation

of the immune system in the inactive testes of T. occidentalis. Under

normal physiological conditions, testicular macrophages present a

reduced capability to mount inflammatory responses and to produce

cytokines, when compared with macrophages from other tissues. Our

RNA‐seq data revealed both the activation of the macrophage

population and cytokine production in the inactive testes of the

Iberian mole and that TNF and NF‐KappaB, two molecular pathways

involved in the regulation of inflammatory cytokines production

(Hayden & Ghosh, 2014), operate in the inactive testis. Several

studies evidence an immunosuppressive role of testosterone on

different components of the immune system (Foo et al., 2017;

Trigunaite et al., 2015), so that testicular testosterone induces a

reduction of pro‐inflamatory cytokines in macrophages (D'agostino

et al., 1999). Taking all these observations into account, we suggest

that low levels of testosterone in the regressed testes of

T. occidentalis may lead to the loss of the “immune privilege”, which

is manifested by BTB permeation and increased cytokine production

by the macrophage population (and perhaps other somatic cells).

Altogether, these processes might contribute to maintain the

quiescent status of the mole gonads during the nonbreeding period.

We also analyzed the expression profile of genes belonging to

the genetic expression signature of early spermatogenic cell popula-

tions (Supporting Information: Table S11) and found that several

biological processes are altered in the regressed testes of the Iberian

mole, particularly protein ubiquitination at the spermatogonia stage

(Figure 3d; Supporting Information: Tables S12 and S13). Ubiquitina-

tion is essential for the establishment of both spermatogonial stem

cells and differentiating spermatogonia and it is also involved in the

regulation of several key events during meiosis, including homolo-

gous recombination and sex chromosome silencing (Bose et al.,

2014). Indeed, mutations in the ubiquitin specific protease 26

(USP26), which is expressed in Leydig cells and early spermatogonia

(Wosnitzer et al., 2014), are associated with defective spermato-

genesis and infertility in both human and mice (Paduch et al., 2005;

Sakai et al., 2019). Testosterone supports spermatogenesis through

three mechanisms: (a) maintaining the BTB integrity (Meng et al.,

2011), (b) regulating SC‐spermatid adhesion (Holdcraft & Braun,

2004), and (c) controlling the release of mature sperm (Holdcraft &

Braun, 2004). All these actions are mediated by SCs, as germ cells do

not express the androgen receptor (AR) and, thus, are not direct

targets of testosterone. In this study, we reveal that gene expression

seems to be altered in the spermatogonial cells of the inactive mole

testes, although it is difficult to know whether this is caused either by

the particular testicular environment of quiescent testes, in which

both the BTB and the cell adhesion function are disrupted, or by

currently unknown mechanisms directly affecting germ cell expres-

sion, or both.

Finally, we have compared the mole testicular transcriptomic

data with those we recently reported for the Mediterranean pine

vole. We found a large number of genes that are deregulated in the

regressed testes of both species, with two remarkable coincidences:

(1) many of these genes are involved in the control of cell adhesion

(Figure 4b,c; Supporting Information: Tables S14 and S15) and,

accordingly, molecular pathways such as MAPK, ERK1/2, TGF‐β,

GTPase, and TNF, which control cell junctions in the seminiferous

epithelium, are deregulated in the two species; (2) we also found a

shared set of genes involved in the regulation of the immune

response. These coincidences are relevant if we consider that the

inactive testes of these two species do not show identical features.

For example, meiosis initiation by spermatogonia is completely

abolished in the inactive testes of M. duodecimcostatus (Lao‐Pérez

et al., 2021), but not in those of T. occidentalis, where meiosis entry

continues and spermatogenesis progresses until the early primary

spermatocyte stages (Dadhich et al., 2010, 2013). Moreover, the

inactive seminiferous tubules of M. duodecimcostatus remain adjacent

to each other (Lao‐Pérez et al., 2021), whereas those of T. occidentalis

become widely separated from each other by intervening Leydig cells
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(Dadhich et al., 2013; Lao‐Pérez et al., 2021). Despite these

differences, here we report that two important testicular functions,

cell adhesion, and immune response, are altered in the inactive testes

of these two species, indicating that these are common molecular

mechanisms operating in the regressed testes of seasonally breeding

mammals.

4 | MATERIAL AND METHODS

4.1 | Animals

Six adult males of Iberian mole were captured alive in poplar groves

near the locality of Chauchina (Granada province, south‐eastern

Spain) at three key stages of the reproductive cycle, using the

methods developed in our laboratory (Barrionuevo et al., 2004). Two

animals were captured in December (reproductive season), two more

in April (transition period when testis regression occurs), and the last

two in July (nonreproductive season). Animals were dissected, and

the testes were removed under sterile conditions. The gonads were

weighed, and frozen in liquid nitrogen for mRNA purification and

further RNA‐seq studies. A 5‐mm thick slice of one of the testis of

every animal was fixed in 50 volumes of 4% paraformaldehyde

overnight at 4°C, embedded in paraffin, and processed for histology

and immunofluorescence. Animals were captured with the permis-

sion of the Andalusian environmental authorities (Consejería de

Agricultura, Pesca y Medio Ambiente) following the guidelines and

approval of both the Ethical Committee for Animal Experimentation

of the University of Granada and the Andalusian Council of

Agriculture and Fisheries and Rural Development (Registration

number: 450‐19131; June 16th, 2014).

4.2 | Immunofluorescence

Testis sections were deparaffinized and incubated with primary

antibodies overnight, washed, incubated with suitable conjugated

secondary antibodies at room temperature for 1 h and counter‐stained

with 4′,6‐diamino‐2‐phenylindol (DAPI). We used a Nikon Eclipse Ti

microscope equipped with a Nikon DS‐Fi1c digital camera (Nikon

Corporation) to take photomicrographs. In negative controls, the primary

antibody was omitted. The primary antibodies used were goat‐anti‐

DMC1 (Santa Cruz Biotechnology, CA, sc‐8973; 1:100) and rabbit‐anti‐

DMRT1 (a kind gift from Sivana Guioli, 1:200). The secondary antibodies

used were: green—donkey anti‐rabbit IgG Alexa Fluor 488 (A32790); red

—donkey anti‐goat igG Alexa Fluor 555 (A32816).

4.3 | RNA‐seq

Total RNA was isolated from both testes of the two males captured in

every time point using the Qiagen RNeasy Midi kit following the

manufacturer's instructions. After successfully passing quality check

(RIN value > 7 measured in a Bioanalyzer, Agilent Technologies), the

RNAs samples were paired‐end sequenced separately in an Illumina

HiSeq. 2500 platform at the Max Planck Institute for Molecular

Genetics facilities in Berlin, Germany.

4.4 | Bioinformatics

The quality of the resulting sequencing reads was assessed using

FastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/).

The RNA‐seq reads were mapped to the recently published genome

of T. occidentalis (Real et al., 2020) with the align and featureCounts

function from the R subread package (Liao et al., 2019). As mentioned

above, most meiotic and postmeiotic germ cell types (from primary

spermatocyte to spermatozoa) are exclusive of the active testes,

being completely absent in inactive ones. Thus, many genes

expressed in germ cells would appear as overexpressed in sexually

active testes as such results would not reflect changes in gene

expression but only differences in cell contents between active and

inactive testes. Such an over‐representation of germ‐cell‐specific

transcripts in active testes would mask changes in gene expression of

somatic cells, which do exert the control of the spermatogenic cycle,

in particular SCs. Hence, to normalize the data and focus on the study

of gene expression in somatic cells, we decided to remove transcripts

expressed in germ cells from the General Feature Format (GFF) file of

the Iberian mole that we have recently generated (Real et al., 2020).

For this, we used previously published cell signatures in single‐cell

RNA sequencing studies (scRNA‐seq) (Green et al., 2018; Hermann

et al., 2018), as described in Lao‐Pérez et al. (2021). We removed all

genes included in clusters 1–13 and 16 from the Hermann et al.

(2018) study, belonging to different germ cell types, and those from

spermatogonia, spermatocyte, round spermatid, and elongating

spermatid from the Green et al. (2018) one. After doing this, the

number of genes analyzed decreased from 13,474 (Supporting

Information: Table S1) to 8300 (Supporting Information: Table S3).

Analysis of differential gene expression was performed with edgeR

(Robinson et al., 2010). Genes were filtered by expression levels with

the filterByExpr function, and the total number of reads per sample

was normalized with the calcNormFactors function. Genes were

considered to be differentially expressed at Padjust < 0.05 and

|logFC | > 1. GO analysis was performed with the enrich GO function

of the clusterProfiler bioconductor package (Yu et al., 2012). General

terms and terms not related with testicular functions were not

displayed.
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