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Abstract

Female-to-male sex reversals (pseudomales) are common in lower vertebrates and
have been found in natural populations, which is a concern under rapid changes in
environmental conditions. Pseudomales can exhibit altered spermatogenesis. However,
the regulatory mechanisms underlying pseudomale spermatogenesis remain unclear.
Here, we characterized spermatogenesis in Chinese tongue sole (Cyrnoglossus
semilaevis), a species with genetic and environmental sex determination, based on a
high-resolution single-cell RNA-seq atlas of cells derived from the testes of genotypic
males and pseudomales. We identified five germ cell types and six somatic cell types
and obtained a single-cell atlas of dynamic changes in gene expression during
spermatogenesis in Chinese tongue sole, including alterations in pseudomales. We
detected decreased levels of Ca?* signaling pathway-related genes in spermatogonia,
insufficient meiotic initiation in spermatocytes, and a malfunction of somatic niche
cells in pseudomales. However, a cluster of CaSR genes and MAPK signaling factors
were upregulated in undifferentiated spermatogonia of pseudomales. Additionally, we
revealed that Z chromosome-specific genes, such as piwil2, dhx37, and ehmtl, were
important for spermatogenesis. These results improve our understanding of
reproduction after female-to-male sex-reversal and provide new insights into the

adaptability of reproductive strategies in lower vertebrates.

Key words: Cynoglossus semilaevis, spermatogenesis, single-cell transcriptome, sex

reversal, spermatogonia
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Introduction

Vertebrate spermatogenesis is a highly conserved process by which diploid
spermatogonial stem cells (SSCs) undergo self-renewal and differentiation, meiosis,
and ultimately produce haploid spermatozoa carrying a recombined genome (Hess
and Renato de Franca, 2008; Schulz et al., 2010). SSCs as the starting point of
germline cells, must balance self-renewal and differentiation for the constant
generation of mature gametes. This process relies on interplay between testicular
niche cells and germ cells. Luteinizing hormone (LH) stimulates the secretion of
steroid hormones by Leydig cells and the production of growth factors by Leydig and
Sertoli cells, which, in combination, regulate the proliferation and differentiation of
spermatogonia (Schulz et al., 2005). Glial cell line-derived neurotrophic factor
(GDNF), a secretion in Sertoli cells, is thought to facilitate SSC proliferation via
multiple signaling pathways, such as the PI3K/AKT signaling pathway, Src family
kinase signaling pathway, and Ras/ERK signaling pathway (He et al., 2008; Lee et al.,
2007; Oatley et al., 2007). Retinoic acid (RA) secreted by Sertoli cells promotes
spermatogonial differentiation with the activation of transcription regulator MAFB
(Raverdeau et al., 2012). The initiation of meiosis precedes the replication of
chromosomal DNA and is dependent on the activation of RA/Stra8 signaling (Baltus
et al., 2006; Endo et al., 2015). Spermatogonia undergo DNA replication,
chromosomal synapsis, DNA double-strand breaks, DNA recombination, separation
of chromosomes, and finally the formation of two secondary spermatocytes. After the
second meiotic division, round spermatids are formed, in turn forming mature sperm

following complex morphological changes. Recently, single-cell RNA-seq has been

3
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used to construct maps of the molecular signature of spermatogenesis in vertebrates,
such as human, mouse, monkeys, and chicken (Estermann et al., 2020; Green et al.,
2018; Guo et al., 2018; Lau et al., 2020a; Wang et al., 2018), providing an in-depth

understanding and comprehensive biological insights into vertebrate reproduction.

Discrepancies between genetic and physiological or gonadal sex are sometimes
encountered across vertebrates. The etiology varies, including genetic and
environmental causes, depending on the vertebrate taxa. A discrepancy between
gonadal and genetic sex is referred to as a sex reversal. Female-to-male sex reversals
are called pseudomales or neomales. Sex reversals have been documented in all
vertebrate classes, from fish to mammals (Piferrer and Anastasiadi, 2021). For
example, in humans, 46*X male syndrome, characterized by infertility, involves the
loss of the entire Y chromosome, and the deletion of the azoospermia factor (AZF)
region of the Y chromosome causes defects in spermatogenesis (Chiang et al., 2013).
Notably, reports of environmental sex reversal are increasing in lower vertebrates,
such as reptiles (Stelkens and Wedekind, 2010), amphibians (Quinn et al., 2007), and
fish (Li et al., 2022; Narita et al., 2007; Piferrer and Anastasiadi, 2021; Valdivieso et
al., 2022; Xiong et al, 2020). Although the proportion of spermatocytes was
significantly reduced in XX testis, both XY-normal male and XX-pseudomale medaka
undergo functional spermatogenesis (Myla et al., 2021). In addition, despite
differences in the clustering and development of Leydig cells, similarities in the
morphological structure of the testis, distribution of Sertoli cells, and development of
germ cells were observed in primary males and female-to-male sex-reversals in rusty
parrotfish (Abdel-Aziz et al., 2012). Recently, a reduced number of spermatozoa has

been observed in the testis of neomale zebrafish (Valdivieso et al., 2022). Thus, in
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addition to interspecific differences, the mechanism underlying the generation of
fertile spermatids in female-to-male sex-reversals of lower vertebrates is not well
understood. This is of relevance for conservation biology because neomales have been

discovered in natural populations of fishes and reptiles (Valdivieso et al., 2022).

Chinese tongue sole (Cynoglossus semilaevis) is a benthic flatfish with a clear
sexual dimorphism and female heterogametic sex determination system (ZZJ3/ZW Q).
In the sensitive developmental period, high temperatures can induce the sex reversal
of female fish (ZWQ) to pseudomales (ZWJ) (Chen et al., 2014). Notably,
pseudomales resemble normal males phenotypically since they can develop mature
gonads and produce fertile Z-gametes, although W-gametes have not been found
(Chen et al., 2014). Thus, Chinese tongue sole can be used as a suitable model to

investigate the mechanism underlying fertility in species with sex reversal.

Here, we analyzed the heterogeneity of testicular cells and revealed the dynamic
gene expression changes during spermatogenesis in Chinese tongue sole at single-cell
resolution. By a comparative analysis of spermatogenesis between males and
pseudomales, phenotypic and gene expression differences during spermatogenesis in
populations with sex reversal were explored. Our data provide a reference for further
studies of fish reproductive biology and support research on the conservation and
diversity of spermatogenesis in vertebrates at different evolutionary scales. More
significantly, we systematically characterized a series of biological processes from
spermatogonia self-renewal and differentiation to spermatogenesis in pseudomales.
These observations provide novel insights into the mechanism of spermatogenesis in

pseudomales and the adaptability of reproductive strategies in lower vertebrates.
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Results

Global transcriptional profiling of Chinese tongue sole testicular cells

Using the iDrop system, the testes of male and pseudomale Chinese tongue sole were
evaluated by a single-cell transcriptional analysis (Figure 1A). After sex reversal, the
gonads of Chinese tongue sole showed substantial morphological similarity to the
testes of regular male fish (Figure 1B). We created 11 libraries for males and 7
libraries for pseudomales. After quality control, we obtained the transcriptional
spectra for 31739 cells. To minimize batch effects from sample processing, we
integrated all 18 scRNA-seq datasets using the mutual nearest neighbor (MNN)
methodology. On average, each cell had 6050 unique molecular identifiers (UMIs)
and 2606 genes. After data integration, the transcriptional profiles were assigned to 16
cell clusters by uniform manifold approximation and projection (UMAP) analyses
(Figure S1A). There was no obvious difference in cell distribution between males and

pseudomales (Figure S1B). All clusters were included in each sample (Figure S1C).

We annotated cell identities based on marker expression and differentially
expressed genes (DEGs). We performed differential expression analyses across
groups. Based on gene expression patterns, we assigned the 11 known cell types to
five germ cell populations as well as six somatic cell populations (Figure 1C and D).
According to a functional enrichment analysis, DEGs in undifferentiated
spermatogonia (Undiff SPG) were enriched in “purine nucleotide biosynthetic
process”, “spermatogenesis”, and “cellular macromolecule catabolic process”, DEGs
in differentiated spermatogonia (Diff.ed SPG) were enriched for the terms “RNA

processing” and “pre-replicative complex assembly”, DEGs in preleptotene

spermatocytes (pre-Lep) and pachytene spermatocytes (P-SPC) were enriched for the
6
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terms “DNA replication” and “M phase”, and DEGs in sperm were enriched in
“cilium or flagellum-dependent cell motility” and “modification-dependent protein
catabolic process” (Figure 1E). By contrast, Sertoli cell DEGs were enriched in “tight
junction” and “cell adhesion”, while Leydig cells were enriched for the terms
“response to hormone” and “steroid metabolic process.” In addition, the terms “innate
immune system”, “T cell receptor signaling pathway”, “adaptive immune system”,

and “transport of small molecules” were enriched for NKT cells, T cells, B cells, and

erythrocytes, respectively (Figure S2A).

We identified a number of marker genes reported to be specifically expressed in
various cell types of the testis in zebrafish and mammals. We classified germ cell
types as follows: spermatogonia (gfral, zbtb16, dndl, stmnl, etc.) (Guillaume et al.,
2010; Guo et al., 2017; Law et al., 2019; Yamaji et al., 2017), spermatocytes (sycp3,
ccne2, cenbl, e2f2, spoll, etc.) (Lau et al., 2020b; Lauper et al., 1998; Wang et al.,
2018), and spermatid/spermatozoa (cfap69, dnah3, dnajbli3, tektl, etc.) (Guan et al.,
2009; Ming et al., 2001; Neesen et al., 1997; Wang et al., 2020) (Figure 1F and
Figure S2B). Some spermatogonial genetic markers were expressed in both Undiff
SPG and Diff.ed SPG. We analyzed the expression of additional spermatogonial
markers in these cells and found that Undiff SPG expressed more genes involved in
the maintenance of stemness and began to express genes related to spermatogonial

differentiation in Diff.ed SPG (Figure S2C).

In addition to germ cells, we also analyzed somatic cells in the gonads and
identified six somatic cell types. These cells were annotated based on DEGs and
reported genetic markers. Somatic cells were identified as Sertoli cells (inha, gata4,

etc.) (Zhao et al., 2020) and Leydig cells (cypllal, cypl1b2, etc.) (Lau et al., 2020b).

7
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We also identified other somatic cells, such as NKT cells (cxcr4, impal, etc.) (Young
et al., 2018), B cells (swap70 and irf8) (Young et al., 2018), T cells (cd2! and cd247)
(Hurley et al., 1994; Lundholm et al., 2010), and erythrocytes (hbad, hbal and gp9I)

(Munday et al., 2000; Tsang et al., 2017) (Figure 1F and Figure S2B).

Next, fluorescence in situ hybridization (FISH) was performed to validate the
expression patterns of gfral, ccnbl, ccne2, gata4, inha, and cypllal. We found that
gfral, ccnbl, and ccne2 were actively transcribed in germ cells located in the seminal
vesicle, while gata4, inha, and cypllal were expressed in the space between seminal
vesicles (Figure 1G and Figure S2D). Notably, ccnbl showed a similar expression
pattern in each cell in one spermatogenic vesicle, indicating that they are in the same
cell cycle phase. This suggested that all germ cells in a spermatogenic vesicle might
be in the same state in the cell cycle. Additionally, we confirmed specific expression
of mcama, cks2, marcksllb, and pydn, the top DEGs in Undiff SPG, P-SPC, Sertoli
cells, and Leydig cells, respectively (Figure S2E). These genes provide new

resources as candidate marker genes for each cell type.

We identified the same cell types in Chinese tongue sole testis as those in humans
and mice. To examine the conservation of the process of spermatogenesis between
teleosts and mammals, we obtained genetic markers of different testis cells from
published single-cell atlases of the human and mouse testes with high accuracy
(Green et al., 2018; Wang et al., 2018). The expression patterns of these genes in
human, mouse, and Chinese tongue sole testis cells were highly similar, such as gfral,
spoll, sycpl, sycp3, dnajbl3, tektl, and gata4 (Figure 1H). These results suggested
that during evolution, the process of male gamete production was conserved for the

maintenance of reproduction across species. However, expression levels of some

8
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genes (e.g., hsd11b2, zbtb16, and id4) were similar in mouse and Chinese tongue sole
but different from those in human (Figure 1H). Therefore, the process is generally
well conserved; however, substantial differences within a given group of vertebrates

(human vs. mouse), rather than across vertebrate taxa, are possible.

Dynamic patterns of gene expression during spermatogenesis in Chinese tongue

sole

Using Monocle2, we reconstructed a trajectory of gene expression changes during
spermatogenesis. Using the trajectory from spermatogonia to spermatozoa (Figure 2A;
Figure S3A and S3B), we analyzed the expression patterns of genes by an
unsupervised pseudotime analysis during spermatogenesis, revealing four distinct
gene cohorts (Figure 2B). Interestingly, more genes were expressed in early
spermatogenesis (spermatogonia) than in differentiated cell stages. This may be
attributed to the fact that spermatogonia are the foundation from which males
continually produce millions of genetically unique gametes (Law et al., 2019).
Considering the expression trends in germ cell marker genes in our single-cell RNA
data, we found that levels of dndl and id4, which were associated with the self-
renewal of spermatogonia, decreased gradually during spermatogenesis. Cell
proliferation-related transcription factors e2f2 and DNA polymerase pole were most
highly expressed in the spermatocyte phase. Tekt! and dnajbl3, which were related to
sperm flagellum structure and sperm motility, were highly expressed at the end of

spermatogenesis (Figure 2C).

To obtain a detailed view of the sperm maturation process, we re-clustered the



225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

spermatid/spermatozoa cells and uncovered four transcriptionally distinct clusters
(S1-S4) representing the four stages of sperm differentiation: initial spermatids,
intermediate spermatids, final spermatids, and spermatozoa(Leal et al., 2009) (Figure
2D). Male and pseudomale samples were evenly distributed in each cluster, indicating
that there were no pseudomale-specific sperm subsets (Figure S3C). We detected the
DEGs in each cluster and genes with highly variable expression. There were obvious
differences in gene expression among subclusters (Figure 2E). The round spermatid
marker stard10 (Culty et al., 2015) and spermatocyte marker hells were highly
expressed in S1, while the cell division inhibitory factor cdkn3 (Culty et al., 2015) and
histone 4 (h4) (Kurtz et al., 2007) were specifically expressed in S2. Additionally, the
sperm autoantigenic gene spagl7 (Kazarian et al., 2018) and the cilia and flagella-
associated gene cfap69 were specifically expressed in S3 and S4, respectively (Figure
2F). A functional enrichment analysis of DEGs revealed that the term “regulation of
cell cycle” was highly enriched in S1, indicating that S1 represented the phase
immediately after meiosis. S2 was enriched for the terms of “protein catabolic
process”, while S3 and S4 specifically express flagella-related genes, indicating that
these cells are final spermatids and spermatozoa (Figure S3D). Moreover, Monocle3
was used to analyze the process of spermiogenesis. Outcomes of a trajectory analysis
showed the correct ordering of mature sperm in pseudotime (Figure 2G).
Furthermore, we analyzed the dynamic expression patterns of genes during
spermiogenesis and found some functionally related genes (e.g., mycb, hsp90abl,
wipil, and cfap20) expressed in different groups (Figure S3E). In summary, our
results provided a dynamically regulated transcriptome during fish spermatogenesis in

a perfectly orchestrated stage-specific manner.
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Integrated comparison of dynamic gene expression during spermatogenesis

between males and pseudomales

Testes from pseudomale (ZWm) and male (ZZm) Chinese tongue sole showed similar
histological characteristics and structures (Figure 1B). When we integrated single-cell
libraries, we found that the pseudomale and male testicular cells were evenly
distributed in the UMAP (Figure S1B). This indicated that pseudomales and males
had the same testicular cell types. Furthermore, the pseudomales and males showed
similar gene expression patterns (Figure S4A). In summary, spermatogenesis and

gene expression patterns were highly similar in genetic males and pseudomales.

However, pseudomale fish are the product of sex reversal, i.e., a genetic female that
instead of developing ovaries develops testis during sexual differentiation. We
hypothesized that because of its origins, specific genetic regulatory mechanisms affect
the process of spermatogenesis in pseudomale fish. First, in the analysis of relative
cell frequencies, pseudomale fish had a higher proportion of Undiff SPG and lower
relative frequencies of Diff.ed SPG and pre-Lep (p < 0.05) than those of regular males
(Figure 3A). Furthermore, we counted the primary spermatocytes of testes derived
from five males and pseudomales (Figure S4B and S4C). The primary spermatocytes
in pseudomales were significantly lower than corresponding counts in males (p < 0.05)
(Figure S4D). These data suggested that the difference between pseudomales and
males can be attributed to a difference in the number of spermatogonia that
differentiate and progress to spermatocytes and hence the higher number of Undiff
SPG observed in pseudomales. We further analyzed the differences in genes

expressed in different cell types between males and pseudomales. In total, we
11
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observed 3629 DEGs between males and pseudomales. Genes up-regulated in
pseudomales (p < 0.05, Log2FC > 2) were enriched for the terms “response to
endogenous stimulus” and “negative regulation of cell differentiation”. Up-regulated
genes in males (p < 0.05, Log2FC > 2) were enriched for terms such as “calcium
signaling pathway” and “steroid biosynthetic process” (Figure 3B). In view of the
substantial difference in the proportion of Diff.ed SPG and pre-Lep, we analyzed the
DEGs (p < 0.05, |[Log2FC| > 1) of these two germ cells in males and pseudomales
(Figure S4E and S4F). There were 1028 and 1090 DEGs in the Diff.ed SPG and pre-
Lep, respectively, between males and pseudomales. Up-regulated genes in
pseudomale Diff.ed SPG were enriched in “cell-cell signaling” and “calcium ion
transport” and down-regulated genes were enriched for the term “hormone metabolic
process” (Figure S4G). Notably, similar functional enrichment results were obtained
in pre-Lep (Figure S4H). Cell cycle-related genes were differentially expressed in
diverse cell types. Diff.ed SPG and pre-Lep expressed some G1/S-related genes, and
the expression levels were higher in males than in pseudomales. However, there were
no obvious differences in G2/M-related gene expression between males and

pseudomales (Figure 3C).

The initiation of spermatogonial differentiation in mammals has been
comprehensively evaluated; however, little is known about this process in many other
species. Here, we note that the expression of genes involved in cell cycle activation
(cdc45 and meioc) (Abby et al., 2016; Lin et al., 2008; Wu and Nurse, 2014) differed
between males and pseudomales (Figure 3D), indicating a defect in meiosis in

pseudomales.

Moreover, the autophagosome formation-related gene ykt6 (Bas et al., 2018) and
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facilitator of apoptosis znrf3 (Colozza and Koo, 2021) were significantly up-regulated
in Diff.ed SPG and pre-Lep of pseudomales (p < 0.05) (Figure 3E). Our results
showed that the initiation of spermatocyte meiosis in pseudomale fish is possibly

inhibited and accompanied by autophagy.

Undifferentiated spermatogonia of pseudomales showed obvious transcript

heterogeneity

Spermatogonia are the starting point of spermatogenesis, and their self-renewal and
differentiation are strictly regulated to maintain germ cells. In total, 1373 DEGs in
Undiff SPG between pseudomales (ZWm) and males (ZZm) are shown in Figure 4A.
Up-regulated genes in the pseudomale Undiff SPG were particularly enriched for the
terms “cell-cell signaling”, “cell proliferation”, and “MAPK family signaling
cascades”, whereas down-regulated genes were enriched for the terms “calcium

signaling pathway” and “metabolism of steroids” (Figure 4B).

Genes in the MAPK pathway, involved in many male reproductive processes,
including spermatogenesis, sperm maturation and activation, capacitation, and the
acrosome response (Li et al., 2009), showed expression differences between
pseudomales and males. For example, expression levels of pla2g4a, gdpdl, and
morn3, which are related to the testis physiology and spermatogenesis (Fujihara et al.,
2019; Kurusu et al.,, 2011; Zhang et al., 2015), were higher in Undiff SPG of

pseudomales than in males (Figure 4C).

We also found that calcium sensing receptor (CaSR), an activator of different
MAPK pathways (McGowan et al., 2002), was overexpressed in the testis of

13
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pseudomales (Figure 4D). CaSR is a member of the G protein-coupled receptors and
is widely distributed; it maintains the homeostasis of metal ions in the body, regulates
hormone secretion, and activates ion channels (Conigrave and Ward, 2013).
Interestingly, we found 27 copies of CaSR in the Chinese tongue sole genome,
compared with only one copy in the human genome, indicating gene expansion. The
genes are tandemly arranged, and 21 out of 27 CaSR copies were more highly

expressed in Undiff SPG of pseudomales than males (p < 0.05) (Figure 4D).

However, genes in the Ca?* signaling pathway were down-regulated in pseudomale
Undiff SPG (Figure 4E), indicating that this pathway may be suppressed in
pseudomale Undiff SPG. Genes in the Ca?' signaling pathway are related to
spermatogenesis and germ cell development in mammals; for example, vdac3, ryr3,
and gnaq were decreased in pseudomale Undiff SPG. Voltage-dependent anion
channel (VDAC) exists in mammalian spermatozoa and is involved in
spermatogenesis and sperm functions (Pan et al., 2017). Ryanodine receptors (RyRs)
are intracellular calcium release channels, which are expressed in germ cells and
cooperate with calcium channels for the regulation of male maturation (Chiarella et al.,
2004). Our results suggested that the Ca?" signaling pathway was impaired in
pseudomale Undiff SPG. By contrast, CaSR and the downstream MAPK signaling

pathway were activated to maintain spermatogenesis.

Gdnf, maintaining the stemness of SSC, was generally expressed in spermatogonia.
Notably, gfral and ret, the complex receptors for gdnf located in the SSC membrane,
were highly expressed in pseudomale Undiff SPG (Figure 4F). This indicated that
Undiff SPG of pseudomales have stronger self-renewal activity, which might explain

the elevation in Undiff SPG in pseudomales.
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Gene expression pattern on sex chromosomes

Although pseudomales can produce mature sperms, no sperm containing the W
chromosome has been detected (Chen et al., 2014). Many Z-specific genes are
involved in spermatogenesis. The deficiency in spermatogenesis-related genes on the
W chromosome likely explains the loss of W sperm (Meng et al., 2014). We analyzed
the expression patterns of genes specific to the Z chromosome and detected higher
expression levels in male fish than in pseudomale fish (Figure 5A, top). However,
only a few autosomal genes are differentially regulated between males and
pseudomales (Figure SA, bottom). A functional enrichment analysis of Z-specific
genes revealed that these genes were enriched for various signaling pathways, such as
“RNA processing”, “translation synthesis”, “chromosome organization”, and
“positive regulation of cell cycle process” (Figure SA, right). These processes are all
closely related to spermatogenesis (Agarwal et al., 2021; Griswold, 2016; Watanabe

and Lin, 2014).

The dysregulation of piRNAs regulating key proteins involved in spermatogenesis
has been found in idiopathic non-obstructive azoospermia (Cao et al., 2018;
Kamaliyan et al., 2018). We found that piRNA-related proteins were differentially
regulated between male and pseudomale fish among Z-specific genes. We analyzed
the expression of Z-specific genes related to piRNAs and found that those genes are
generally expressed at lower levels in pseudomales than males (Figure 5B). Piwil2
(piwi-like RNA-mediated gene silencing 2), which is essential for germline integrity
during spermatogenesis by repressing transposable elements (De Fazio et al., 2011),

was expressed at lower levels during spermatogenesis in pseudomales than in males.
15
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Another piRNA-related gene, dgcr8, a subunit of the microprocessor complex that
mediates the biogenesis of microRNAs from the primary microRNA transcript (Wang
et al., 2007), showed lower levels of expression in pseudomales than in males. In
addition, we found that some other Z-specific genes were differentially expressed
between males and pseudomales. Pathogenic variants in the DEAH-box RNA helicase
DHX37 are a frequent cause of 46*Y testicular regression syndrome (McElreavey et
al., 2020). Our data indicated that dhx37 is down-regulated in pseudomales.
Furthermore, we found that genes encoding cell cycle proteins, such as anapc7 and
psmd9, which are associated with spermatogenesis, as well as the histone

modification enzyme ehmtl were down-regulated in pseudomales (Figure 5C).

Although the expression of Z-specific genes was higher in males than pseudomales,
we did not consistently observe two-fold higher expression in males than in
pseudomales. Local dosage compensation on the Z chromosome has been reported in
pseudomale testes (Shao et al., 2014). Of note, many of the genes described above
were located in this region. We further tested the expression levels of genes in this
region in different cell types and found that the average expression of the entire Z
chromosome in pseudomale fish was half that of male fish (Figure 5D) and

expression levels were up-regulated in the dosage compensation region (Figure SE).

Pseudomale niche cells exhibited abnormal gene expression patterns

Sertoli cells and Leydig cells play a supporting role in spermatogenesis. Interestingly,
the proportion of pseudomale Leydig cells was lower (p < 0.05) than that of males

(Figure 6A). To explore the heterogeneity of the spermatogenesis environment in
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pseudomale fish, we first evaluated differences in gene expression in Leydig cells
between pseudomales and males. We found 352 up-regulated and 75 down-regulated
genes in pseudomales (Figure 6B). Various terms, such as “steroid metabolic
process”, “response to hormone”, and “drug metabolic process”, were enriched in
down-regulated genes of pseudomale Leydig cells. “Cellular response to DNA
damage stimulus” and “ncRNA metabolic process” were enriched in up-regulated
genes (Figure 6C). Notably, we found that hsd3bl1, cypl7al, cypllal, hsdl1b2, and
hsd17bl, among other genes with key roles in the synthesis of testosterone, were
highly expressed in Leydig cells in males and significantly down-regulated in
pseudomales. Furthermore, the expression levels of fshr and lhcgr, the receptors of
follicle-stimulating hormone and luteinizing hormone (LH), were down-regulated in
pseudomales (Figure 6D). Together, these results suggested that Leydig cells of

pseudomales showed lower /hcgr expression and had difficulty responding to LH

stimulation, resulting in abnormal development and testosterone production.

Subsequently, we evaluated differences in gene expression in Sertoli cells. In total,
344 and 326 DEGs were down- and up-regulated in pseudomale Sertoli cells,
respectively (Figure 6E). Down-regulated genes in pseudomale Sertoli cells were
enriched for various biological processes and pathways, such as “cell adhesion” and
“Wnt signaling pathway.” Up-regulated genes were enriched in the terms such as
“negative regulation of cell communication” and “supramolecular fiber organization”
(Figure 6F). In addition, the Wnt signaling pathway inhibitors sfrp/ and sfrp2 (Warr
et al., 2009), DNA demethylation regulatory gene tet3, and cell structure-related
genes actgl and integrin itga6 were expressed at lower levels in pseudomale Sertoli

cells (Figure 6G). In general, we speculated that there might be a functionally
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significant down-regulation of genes in pseudomale Sertoli cells.

To gain insight into the mechanism underlying sex determination and sex reversal
in Chinese tongue sole, we investigated the expression patterns of sex determination-
related genes in the testicular cells of males and pseudomales with scRNA-seq
transcriptome data. Male sex-related genes were mainly expressed in Sertoli cells of
males and pseudomales. Female sex-related genes were mainly located in Undiff SPG
of pseudomale testes (Figure 6H). These results indicated that female sex-related
genes in Undiftf SPG of pseudomales may reflect the classification of these animals as

genotypic females.

Discussion

We obtained a high-resolution testicular cell atlas by scRNA-seq for both male and
pseudomale Chinese tongue sole. Studies of the discrepancy between genetic sex and
physiological sex are of relevance not only because pseudomales are increasingly
found in different species of vertebrates in natural populations but also because
understanding the molecular basis of spermatogenesis in pseudomales can provide
useful insights into the regulation of spermatogenesis and can even contribute to the
study of disorders of sexual development (DSD). Thus, a comprehensive
understanding of conventional and unconventional spermatogenesis is vital for the
diagnosis and management of infertility. Our single-cell transcriptomic atlas laid a
solid foundation for the further investigation of spermatogenesis in individuals with

sex reversal.

The conservation of spermatogenesis among mammalian species has been reported
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(Lau et al., 2020b). Here, using the Chinese tongue sole as a model, we identified
undifferentiated  spermatogonia,  differentiated  spermatogonia, preleptotene
spermatocytes, pachytene-spermatocytes, and spermatid/spermatozoa using typical
markers, such as gfral, ccne2, ccnbl, sycp3, and dnajbl3. Other somatic cells, such
as Sertoli cells and Leydig cells, were identified based on gata4 and cypllal. These
results indicate that signature genes of distinct cell types established in mammals
could serve as markers of non-mammalian poikilothermic vertebrates. Thus, the cell
types present in fish testes were similar to those found in mammals (Lau et al., 2020b).
Furthermore, the typical marker genes of spermatogenesis in mammals, such as
GFRAI, SYCPI1, SYCP3, DNAJBI13, and TEKTI, showed similar expression trends in
Chinese tongue sole. Notably, in an unsupervised pseudotime analysis, spermatogonia,
spermatocyte, and sperm followed a continuous trajectory. This process of
spermatogonia, followed by spermatocytes and sperm is consistent with the process in
mammals (Wang et al., 2018). These results indicate that the essential features of

spermatogenesis are highly conserved across vertebrate taxa.

Comprehensive comparative analysis of the testes from genetic males (ZZm) and
female-to-male sex reversed pseudomales (ZWm) provided insights into the
differential regulation of spermatogenesis; in addition to assessing the underlying
molecular endocrinology of pseudomales, the results have implications for
determining their reliability as a proxy for the study of certain DSDs. The pseudomale
fish had the same distribution of testicular cell types and highly similar DEGs to those
in male fish. More importantly, the cellular changes and the expression of key factors
during spermatogenesis were also highly similar. Together with the DNA methylation

patterns in pseudomales (Shao et al., 2014), our results demonstrated that various
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characteristics (including epigenetic modification, gene expression, and cellular
differentiation) are similar between males and pseudomales. Despite this high degree
of similarity, we detected differences between the male and pseudomale testis.
Insufficient levels of cell cycle-related genes resulted in a lower proportion of
spermatocytes in pseudomales. Previous studies have revealed the key function of cell
cycle checkpoints during meiosis (Bolcun-Filas et al., 2014; Spruck et al., 2003;
Zhang et al., 2021). Our results showed that the low expression of meioc may cause a

delay in the initiation of meiosis in pseudomales (Figure 7).

The Ca®" concentration contributes to sex determination in the red-eared slider
(Weber et al., 2020). Georges and colleagues proposed that cellular calcium and redox
(CaRe) regulation function as a ‘cellular sensor’ of environmental conditions; the
signals are transduced to diverse signal transduction pathways or influence epigenetic
processes, ultimately driving the differential expression of sex genes (Castelli et al.,
2020). We also detected the downregulation of the Ca?" signaling pathway and
upregulation of extracellular calcium sensing receptors (CaSR) in Undiff SPG of
pseudomale. The MAPK signaling may be complementary to Ca’* signaling.
Furthermore, CaSR expanded in Chinese tongue sole and was highly expressed in
pseudomales (Figure 7). Taken together, these results suggest that the regulation of
Ca’* may be a general mechanism involved in temperature-mediated sex
determination and support the CaRe hypothesis (Castelli et al., 2020). However, we
did not establish the detailed mechanism underlying the regulation of the Ca?*
concentration by CaSR. Thus, further research is needed to resolve the effects of

temperature on CaSR and the MAPK signaling pathway.

We analyzed the functions of genes on the Z chromosome of Chinese tongue sole in
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spermatogenesis. Many genes related to spermatogenesis were located on the Z
chromosome, including genes encoding piRNA-related proteins (piwil2, dgcr8, and
dhx37), chromosome organization-related gene (ehmtl), and cell cycle-related genes
(anapc7 and psmd9). Importantly, the expression levels of these genes change
dynamically during spermatogenesis. Analogously, the human Y chromosome harbors
a number of genes essential for spermatogenesis, especially in the AZF region
(Krausz and Casamonti, 2017). However, as most of the Y chromosome, including the
AZF region, is lacking, 46*X men are infertile (Chiang et al., 2013). Therefore, we
suggest that the W chromosome lacks spermatogenesis-related genes, resulting in W
sperm deletion in pseudomales (Figure 7). This provides a perfect research model for
studying infertility caused by chromosome abnormalities. Besides, although
pseudomales only have a single Z chromosome, local dosage compensation plays an
important role in regulating gene expression (Shao et al., 2014). This mechanism is
different from the transcriptional inactivation of one X chromosome in female of
mammals (Avner and Heard, 2001). In addition, we did not detect obvious meiotic sex
chromosome inactivation (MSCI), suggesting that homologous recombination of Z
and W chromosomes in pseudomales is still possible. This is consistent with previous
studies in chickens (Guioli et al., 2012). However, the precise period of the W sperm

deficiency in spermatogenesis of pseudomales is still unclear.

Leydig cells mainly synthesize and secrete steroid hormones with testosterone and
11-ketotestosterone as the main steroids, promoting spermatogenesis and maturation
(Zirkin and Papadopoulos, 2018). In our study, a small proportion of pseudomale
Leydig cells showed low levels of lhcgr. Additionally, hsd11b2, cypllal, hsd17bl,

cypl7al, and hsd3bl, which catalyze the conversion of cholesterol to testosterone,
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were significantly down-regulated in pseudomale Leydig cells. Notably, in the human
testis, mutations or deletions of LHCGR result in abnormal Leydig cell differentiation,
with a significant decrease in number, impairment of steroid hormone synthesis, and
elevated LH; however, there is no testosterone surge on LH and ACG stimulation,
leading to male pseudohermaphroditism (Segaloff, 2009). Therefore, we suggested
that a mechanism similar to human “Leydig cell agenesis” operates in the Leydig cells
of Chinese tongue sole pseudomale (Figure 7). The mechanism underlying the lhcgr
reduction in pseudomales needs to be further studied. Interestingly, we detected fshr
expression in both Leydig and Sertoli cells in Chinese tongue sole, which is expressed
only in Sertoli cells in mammals. Similar observations have been reported in eel and

African catfish (Garcia-Lopez et al., 2009; Ohta et al., 2007).

Sertoli cells are the only somatic cells that come into direct contact with germ cells,
and their continuous and tight interactions with germ cells underlie spermatogenesis
(Griswold, 2016). In this study, we found that genes involved in intercellular junctions
as well as various signal transduction pathways were significantly down-regulated in
Sertoli cells of the pseudomales, suggesting an altered interaction between Sertoli
cells and germ cells in pseudomales. Furthermore, our data showed that the Wnt
signaling pathway inhibitors sfip/ and sfrp2 (Warr et al., 2009) were significantly
down-regulated in Sertoli cells of pseudomales. Interestingly, disruptions of the Wnt
signaling pathway often cause abnormal sperm morphology and function in mammals,
resulting in male infertility (Qiu et al., 2016). Additionally, the abnormal activation of
the Wnt signaling pathway was found in azoospermic male Sertoli cells (Zhao et al.,
2020). Therefore, we speculate that the Wnt signaling pathway exhibits abnormal

activation in pseudomale spermatogenesis (Figure 7).
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In summary, this study provides a comprehensive transcriptomic atlas of fish testes
and reveals dynamic changes in gene expression patterns during spermatogenesis at
single-cell resolution. The identification of 11 different cell types and their specific
markers indicates the conservation of the essential features of spermatogenesis with
corresponding features in mammals. Furthermore, by comparing males and
pseudomales, we gained insight into the subtle but important differences of the
individuals after sex-reversal. Dysregulation of Sertoli and Leydig cell function and,
in particular, decreased expression of Ca?" signaling pathway-related genes coupled
with a CaSR-MAPK-mediated mechanism to maintain spermatogenesis can explain
instances of abnormal meiosis progression in pseudomales. In addition to a better
understanding of the regulation of spermatogenesis in general, the results of this study
have important implications for two reasons. First, our results provide a basis for
investigations of the reproductive capacity of pseudomales, which are being
increasingly found in natural populations of various vertebrate species exposed to
elevated temperatures. Second, our results may guide the development of a strategy to
correct the differences in spermatogenesis in pseudomales to enhance their
reproductive capacity in fish farming. This can be achieved by improving the
spermatogenic microenvironment (e.g., by adding androgens, increasing the calcium

concentration, or adding CaSR agonists).

Materials and methods

Biological samples and the ethical use of animals

Experimental procedures using Chinese tongue sole were approved by the Animal
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Care and Use Committee at the Chinese Academy of Fishery Sciences, and all
experimental procedures were performed in accordance with the guidelines for the
Care and Use of Laboratory Animals at the Chinese Academy of Fishery Sciences.
Chinese tongue sole testes were obtained from 11 normal healthy males (2 years old)
and 7 pseudomales (2 years old) that were housed at Haiyang High-Tech

Experimental Base (Haiyang, China).

Dissociation of testicular cells in male and pseudomale Chinese tongue sole

To obtain a high-quality cell suspension, the preparation time was strictly controlled.
First, the testes of Chinese tongue sole were dissected on ice and washed twice with 5
ml of DMEM + 2% NaCl, and other tissues adhered to the testes were removed with
tweezers. The testis tissue was cut with a blade to form the tissue homogenate. The
tissue homogenate was transferred to the combined enzyme digestion solution (ratio
of trypsin to collagenase: 5 to 1). After heating in a 30 °C water bath for 5—10 min,
digestion was rapidly terminated with 6—7 mL of DMEM with 2% NaCl. The digested
cell suspension was filtered with a 100 pum filter and filtered again with a 40 pm filter.
Approximately 7 mL of the filtered cell suspension was added to a 15 mL tube.
Centrifugation was performed with a horizontal rotor in a cryogenic centrifuge at 400
x g for 5 min. After removing the supernatant, 7 mL of PBS with 2% NaCl (PBS +
2% NaCl) was added, centrifuged at 400 x g for 5 min, and washed twice. Finally,
0.05% BSA in PBS + 2% NaCl was added and cells were resuspended. Then, 10 pL
of the single cell suspension was mixed with 1 puL of 0.4% dye trypan blue solution to
measure the total cell concentration (1000-2000 cells per 1 puL) as well as the ratio of

live cells (greater than 80 percent) using a hemocytometer.
24



581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

scRNA-seq library preparation and sequencing

The scRNA-seq library was constructed immediately after the cell suspension was
prepared. The DNBelab C Series Single Cell RNA Library Preparation Kit was used
based on droplet microfluidics technology for library construction. Cells were
prepared as droplets in which cell lysis and mRNA capture were performed using the
DNBelab C4 portable single-cell system (MGI Tech Co., Ltd.) Single-cell
microdroplets were recovered by the emulsion breaking recovery system, after which
magnetic bead-captured mRNA was synthesized into cDNA and subjected to 16
cycles of PCR for cDNA enrichment. Finally, cDNA products were used to prepare
single-stranded DNA libraries by various steps, such as shearing, end repair, ligation,
12 cycles of PCR, denaturation, circularization, and digestion. Then, 10 ng of the

digested product was obtained for sequencing using the MGISEQ 2000 platform.

scRNA-seq data processing

The raw data obtained by scRNA-seq using the MGISEQ2000 platform were filtered
and demultiplexed using PISA (version 1.10.2) (https://github.com/shiquan/PISA).
Reads were aligned to the reference genome from NCBI using STAR (version 2.7.9a)
and sorted using sambamba (version 0.7.0). The cell versus gene UMI count matrix

was generated using PISA.

Cell clustering and identification of cell types
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A clustering analysis of the testis of the Chinese tongue sole dataset was performed
using Seurat (version 3.2.3) in R, which allows for the selection and filtration of cells
on the basis of quality control metrics, data normalization and scaling, and detection
of highly variable genes. In preprocessing, for each dataset, we followed the Seurat
process (https://satijalab.org/seurat/articles/pbmc3k_tutorial.html) to create a data
matrix object. Cells were filtered based on the following criteria: all genes are
expressed in at least three cells and cells contain more than 200 detected genes. Then,
cells with mitochondrial gene percentages > 5% and unique gene counts < 200 were
discarded, and DoubletFinder (version 2.0.3) was used to detect doublet cells. Finally,
batch correction and integration were performed using the Integrate Data functions in
the Seurat package. The merged Seurat objects were scaled and analyzed by principal
component analysis (PCA). The first 20 principal components (PCs) were used to
construct a KNN graph and refine the edge weights between any two cells. Based on
all the local neighborhoods of cells, the FindClusters function with the resolution
parameter set to 0.5 was used for clustering. Finally, plots were generated using
UMAP. The DEGs were identified based on comparisons between each cluster using
the FindAlIMarkers function (test.use = Wilcox) with the logfc.threshold and min.pct

parameters set to 0.25.

Fluorescence in situ hybridization

To make paraffin sections, the testis tissue was fixed in the fixing agent for at least 24
h. For dehydration and paraffin embedding, samples were placed in 75% ethanol for 4
h, 85% ethanol for 2 h, 90% alcohol for 2 h, 95% ethanol for 1 h, 100% ethanol I for

30 min, 100% ethanol II for 30 min, ethanol benzene for 510 min, xylene II for 5-10
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min, 65°C melting paraffin I for 1 h, 65°C melting paraffin II for 1 h, and 65°C
melting paraffin III for 1 h. The wax-soaked tissue was embedded using an
embedding machine. Samples were cooled at -20°C on a freezing table. After the wax
solidified, the wax block was removed from the embedding frame and repaired. The
trimmed wax block was sectioned on a microtome paraffin slicer with a thickness of 4

um.

For HE staining, dewaxing was performed by rinsing in xylene I for 20 min, xylene II
for 20 min, 100% ethanol I for 5 min, 100% ethanol II for 5 min, and 75% ecthanol for
5 min. Sections were then rinsed with tap water, stained with hematoxylin solution for
3-5 min, and rinsed with tap water. Then, the sections were treated with Hematoxylin
Differentiation solution and rinsed with tap water. The sections were treated with
Hematoxylin Scott Tap Bluing and rinsed with tap water. They were then treated with
85% ethanol for 5 min and 95% ethanol for 5 min. Finally, sections were stained with
Eosin dye for 5 min. For dehydration, sections were treated with 100% ethanol I for 5
min, 100% ethanol II for 5 min, 100% ethanol III for 5 min, xylene I for 5 min, and
xylene II for 5 min, followed by sealing with neutral gum. Sections were observed by

microscopy and images were obtained for analysis.

For fluorescence in situ hybridization, the mRNA sequence of the target gene was
searched against the NCBI database. The oligonucleotide probe sequence was
designed using Primer 5.0 (Primer-E Ltd., Plymouth, UK) The fluorescent probe was
synthesized by Sangon Biotech (Shanghai, China). Fluorescence in situ hybridization

was performed using the RNA-FISH Kit (GenePharma, Shanghai, China).
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Functional enrichment analysis

A functional enrichment analysis of DEGs was performed using Metascape

(https://metascape.org/gp/index.html) (Zhou et al., 2019). Chinese tongue sole genes

used for the enrichment analysis were homologous to zebrafish genes.

Conservation of marker gene expression

Mouse and human UMI matrices were obtained from the NCBI Gene Expression
Omnibus (GEO) database (accession numbers GSE112393 and GSE106487). Germ
and somatic cells were extracted from two matrices according to the barcode of the
cell type reported previously (Green et al., 2018; Wang et al., 2018). Then, we
detected marker genes in Chinese tongue sole germ cells and somatic testicular cells,
and Z-scores were calculated to draw a heatmap for the comparison of

spermatogenesis in these two species and Chinese tongue sole.

Cell trajectory analysis

Single-cell pseudotime trajectories were constructed using Monocle 2 (version 2.14.0)
(http://cole-trapnell-lab.github.io/monocle-release/docs/) and Monocle3 (version 0.2.2)
(https://cole-trapnell-lab.github.io/monocle3/docs/trajectories/). To  describe the
process of spermatogenesis, the Seurat dataset was input as the cell dataset in
Monocle 2 and the “differentialGeneTest” function was used to identify DEGs in each
cluster. Genes with a g-value <0.01 were ordered by the pseudotime analysis.
Following the same methods, the UMI count matrices of the pre-Lep and P-SPC &

sperm cells were also input as an expression matrix, and meta.data was input as the
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sample sheet. Then, the ordered genes were chosen to define cell progression.
DDRTree was used to reduce the dimensionality, and all cells were ordered using the
orderCells function. Monocle3 was used to describe the process of sperm maturation.
The ordering genes were calculating using the “graph_test” function and filtered with

amorans_[ > 0.05.

Identification of differentially expressed genes

The Seurat FindAlIMarkers function was used with default options to predict DEGs
by comparing each cluster versus all other clusters (with only.pos equal to TRUE,
min.pct and logfc.threshold equal to 0.25 and test.use equal to “wilcox”). However,
the numbers of DEGs identified by this function in same cell type between males and
pseudomales were very small; accordingly, the DESeq2 (v1.30.1) R package was used
to find additional DEGs. The package uses non-normalized counts as an input. Data
from each sample were aggregated and the DESeqDataSetFromMatrix function was
used to construct the count matrix. DESeq and the results function were used for the
differential expression analysis and to generate results tables (setting p-value < 0.05

and Fold Change > 2 as thresholds).

Sex chromosome related-genes analysis

Genes on Z chromosomes were obtained from the GFF file of the genome on the
NCBI website. For each germ and somatic cell type, the ratio of the mean expression
of all Z chromosome genes to all genes on chromosome 1 was estimated. Next, we

selected genes located in the region of dosage compensation on the Z chromosome
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and computed the ratio following the same method. To identify Z-specific genes, we
compared all Z chromosome genes with autosomes and W chromosome genes by
BLASTN with a cutoff identity of >50%, alignment rate >50%, and e-value < 2e-5. In
total, 411 genes were homologous to genes on the W chromosome and autosomes.
Then, 567 Z genes without any homologues were defined as Z-specific genes for

further analysis.
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Figure legends

Figure 1 Overview of germ and somatic testicular cell types determined by
scRNA sequencing in Chinese tongue sole. A Schematic showing single-cell RNA-
seq of Chinese tongue sole testicular cells. B H&E staining of testis sections from
male (left) and pseudomale (right) Chinese tongue sole. Scale bars represent 500 um
(top), 200 pum (left lower), and 50 um (right lower). C Visualization of major testis
cell types for 31739 cells in UMAP (Unknown is undefined); different cell types are
shown in distinct colors, and the number of cells is marked in parentheses. D Heatmap
showing the expression of the top 20 DEGs for the main cell types. Z-scores were
calculated by subtracting the average value for the set of data from the value for each
cell and dividing by the standard deviation. E Enriched terms for DEGs are shown for
germ cell types (p-values are shown). F Violin plots of the normalized expression of
marker genes for the 12 major cell types. G Fluorescence in situ hybridization for the
Undiff SPG marker gfral (green) and spermatocyte marker ccnbl (green) in the male
testis. Nuclei were visualized using DAPI (blue). Scale bars represent 10 um (gfro.l)
and 20 um (ccnbl). H Heatmaps of spermatogenic marker gene expression in human,

mouse, and Chinese tongue sole. In human, SPG, L, Z, P, D, SPC7, S, and ST
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represent spermatogonia, leptotene spermatocytes, zygotene spermatocytes, pachytene
spermatocytes, diplotene spermatocytes, secondary spermatocytes, spermatids, and
Sertoli cells, respectively. In mouse, SPG, Scytes, STids, and Elongating represent
spermatogonia, spermatocytes, round spermatids, and elongating spermatids,

respectively.

Figure 2 Germ cell development follows a contiguous trajectory. A Model of
spermatogenesis in Chinese tongue sole. Colors represent distinct cell types. The
direction of the arrow describes the differentiation process of five germ cell types
(from Additional file 1: Figure S3A, B). B Gene expression heatmap in pseudotime.
After a clustering analysis, genes were divided into four groups (Group A-D). “n”
corresponds to the number of genes in each group. C Line chart showing the
expression trends for marker genes during spermatogenesis (Additional file 1: Figure
S3A). D UMAP of sperm re-clustering. S1-S4 represent different sperm subclusters:
S1 is initial spermatids, S2 is intermediate spermatids, S3 is final spermatids, and S4
is spermatozoa. E Heatmap of top20 DEGs at different stages of sperm maturation.
Representative markers are listed. F Violin plots of the normalized expression of

marker genes for the Sperm subclusters. G Pseudotime trajectory of sperm maturation.

Figure 3 Integrated analysis of spermatogenesis in male (ZZm) and pseudomale
(ZWm) Chinese tongue sole. A Proportion of germ cells in males (blue) and
pseudomales (red). Line chart shows the trends in relative frequencies. p < 0.05 (*), p
< 0.01 (**), p <0.001 (***), p < 0.0001(****), and “ns” indicates “not significant”,

determined by #-tests. B Heatmap and enrichment analysis of all DEGs (p < 0.05,
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|[Log2FC| > 2) in testicular cells from males and pseudomales. The color bar in the
header represents males (blue) and pseudomales (red). The color bar at the bottom
represents the cell types corresponding to males and pseudomales. C Heatmap of cell
cycle-specific genes from male (blue) and pseudomale (red) testicular cells. The y-
axis shows G1/S (top) and G2/M(bottom) phase genes. D Box plot showing the
expression of meiosis-related genes in germ cells. Gene expression was compared
between males and pseudomales. E Box plot showing the up-regulated genes in

Diff.ed SPG and pre-Lep from pseudomale.

Figure 4 Transcriptional differences in Undiff SPG between males (ZZm) and
pseudomales (ZWm). A Volcano plot showing DEGs between spermatogonia from
males and pseudomales, setting Fold Change > 2 as the threshold (dotted line). Up-
regulated genes in pseudomales are labeled in red, and down-regulated genes are
labeled in blue. B Enriched terms for DEGs between pseudomale and male Undiff
SPG. Red shows pathway enrichment for up-regulated genes in Undiff SPG in
pseudomales, and blue shows pathway enrichment for down-regulated genes in
Undiff SPG in pseudomales. C Heatmap showing the expression of MAPK signaling
pathway-related genes in male and pseudomale testicular cells. D Differential
expression of multiple copies of CaSR in Chinese tongue sole Undiff SPG between
males and pseudomales. Location information for different copies is indicated on the
right. E Heatmap showing the expression of Ca®* signaling pathway-related genes in
male and pseudomale testicular cells. F Box plot showing the expression of gfral and
ret in Undiff SPG of males and pseudomales. p < 0.05 (*), p < 0.001 (**%),

determined by #-tests.
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Figure 5 Z chromosomal gene activity in male (ZZm) and pseudomale (ZWm)
Chinese tongue sole testis cells. A Heatmap of the expression of Z chromosome-
specific genes (Top) and autosomal genes (bottom) in male and pseudomale testicular
cells and an enrichment analysis of Z chromosome-specific genes (p < 0.05). B
Heatmap of piRNA-related gene expression in males and pseudomales. C Box plots
of Z chromosome-specific genes associated with spermatogenesis in germ cells. p <
0.05 (*), p <0.01 (**), p<0.001 (***), p<0.0001 (****), and “ns” indicates “not
significant”, determined by #-tests. D Box plot of Z chromosome gene expression in
males and pseudomales fish. Z-to-autosome expression ratio indicates the ratio of the
average expression of Z chromosome genes to the average expression of autosomal
genes. E Box plot of dosage-compensation region genes (13.6—15.6 Mb) (Shao et al.,
2014) on the Z chromosome in male and pseudomale fish. The Z (13.6—15.6 Mb) to
autosome expression ratio indicates the ratio of the average expression of genes in the

dosage-compensation region to the average expression of autosomal genes

Figure 6 Transcription profile differences between somatic testicular niche cells
of male (ZZm) and pseudomale (ZWm) gonads. A Proportions of somatic cells in
males (blue) and pseudomales (red). p <0.05 (*), p <0.01 (**), p <0.001 (***), p <
0.0001 (****), and “ns” indicates “not significant”, determined by #-tests. B Volcano
plot showing the DEGs in Leydig cells between males and pseudomales, Fold Change
> 2 as the threshold (dotted line). C Enriched terms for DEGs between male and
pseudomale Leydig cells. D Heatmap of steroidogenesis-related genes in male and

pseudomale fish testis cells. E Volcano plot showing the DEGs in Sertoli cells
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between males and pseudomales, Fold Change > 2 as the threshold (dotted line). F
Enriched terms of DEGs between male and pseudomale Sertoli cells. G Box plot of
down-regulated genes in Sertoli cells of pseudomale. p < 0.05 (*), p <0.01 (**), p <
0.001 (***), p <0.0001 (****), determined by #-tests. H Heatmap of sex-related

genes in testicular cells of Chinese tongue sole males and pseudomales.

Figure 7 Model of pseudomale spermatogenesis. Psecudomales showed a decrease
in the area occupied by Leydig cells, and the down-regulation of several genes related
to Leydig and Sertoli cell function. In spermatogonia, the CaSR-MAPK signaling
factors gfral and ret are active and Ca2+ signaling is inactive. The meiotic initiation
of spermatocytes is blocked, accompanied by autophagy. Many genes related to
spermatogenesis are expressed on the Z chromosome; however, they are absent on the

W chromosome.
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1075

1076  Figure 1 Overview of germ and somatic testicular cell types determined by scRNA sequencing in
1077  Chinese tongue sole. A, Schematic showing single-cell RNA-seq of Chinese tongue sole testicular
1078  cells. B, H&E staining of testis sections from male (left) and pseudomale (right) Chinese tongue
1079  sole. Scale bars represent 500 um (top), 200 um (left lower), and 50 pm (right lower). C,
1080  Visualization of major testis cell types for 31,739 cells in UMAP (Unknown is undefined),
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different cell types are shown in distinct colors, and the number of cells is marked in parentheses.
D, Heatmap showing the expression of the top 20 DEGs for the main cell types. Z-scores were
calculated by subtracting the average value for the set of data from the value for each cell and
dividing by the standard deviation. E, Enriched terms for DEGs are shown for germ cell types (P-
values are shown). F, Violin plots of the normalized expression of marker genes for the 11 major
cell types. G, Fluorescence in situ hybridization for the Undiff SPG marker gfral (green) and
spermatocyte marker ccnbl (green) in the male testis. Nuclei were visualized using DAPI (blue).
Scale bars represent 10 um (gfiral) and 20 um (ccnbl). H, Heatmaps of spermatogenic marker
gene expression in human, mouse, and Chinese tongue sole. In human, SPG, L, Z, P, D, SPC7, S,
and ST represent spermatogonia, leptotene spermatocytes, zygotene spermatocytes, pachytene
spermatocytes, diplotene spermatocytes, secondary spermatocytes, spermatids, and Sertoli cells,
respectively. In mouse, SPG, Scytes, STids, and Elongating represent spermatogonia,
spermatocytes, round spermatids, and elongating spermatids, respectively.
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Figure 2 Germ cell development follows a contiguous trajectory. A, Model of spermatogenesis in

Chinese tongue sole. Colors represent distinct cell types. The direction of the arrow describes the
differentiation process of five germ cell types (from Figure S3A, B in Supporting Information). B,
Gene expression heatmap in pseudotime. After a clustering analysis, genes were divided into four
groups (Group A-D). “n” corresponds to the number of genes in each group. C, Line chart
showing the expression trends for marker genes during spermatogenesis (from Figure S3A in

Supporting Information). D, UMAP of sperm reclustering. S1-S4 represent different sperm
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subclusters: S1 is initial spermatids, S2 is intermediate spermatids, S3 is final spermatids, and S4
is spermatozoa. E, Heatmap of top20 DEGs at different stages of sperm maturation.
Representative markers are listed. F, Violin plots of the normalized expression of marker genes for
the sperm subclusters. G, Pseudotime trajectory of sperm maturation.
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Figure 3 Integrated analysis of spermatogenesis in male (ZZm) and pseudomale (ZWm) Chinese
tongue sole. A, Proportion of germ cells in males (blue) and pseudomales (red). Line chart shows
the trends in relative frequencies. P<0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001(****), and
“ns” indicates “not significant”, determined by #-tests. B, Heatmap and enrichment analysis of all
DEGs (P<0.05, |[Log2FC[>2) in testicular cells from males and pseudomales. The color bar in the
header represents males (blue) and pseudomales (red). The color bar at the bottom represents the
cell types corresponding to males and pseudomales. C, Heatmap of cell cycle-specific genes from
male (blue) and pseudomale (red) testicular cells. The y-axis shows G1/S (top) and G2/M (bottom)
phase genes. D, Box plot showing the expression of meiosis-related genes in germ cells. Gene
expression was compared between males and pseudomales. E, Box plot showing the up-regulated
autophagy genes in Diff.ed SPG and pre-Lep from pseudomale.
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Figure 4 Transcriptional differences in Undiff SPG between males (ZZm) and pseudomales
(ZWm). A, Volcano plot showing DEGs between Undiff SPG from males and pseudomales,
setting Fold Change >2 as the threshold (dotted line). Up-regulated genes in pseudomales are
labeled in red, and downregulated genes are labeled in blue. B, Enriched terms for DEGs between
pseudomale and male Undiff SPG. Red shows pathway enrichment for up-regulated genes in
Undiff SPG in pseudomales, and blue shows pathway enrichment for down-regulated genes in
Undiff SPG in pseudomales. C, Heatmap showing the expression of MAPK signaling pathway-
related genes in male and pseudomale testicular cells. D, Differential expression of multiple
copies of CaSR in Chinese tongue sole Undiff SPG between males and pseudomales. Location
information for different copies is indicated on the right. E, Heatmap showing the expression of
Ca?* signaling pathway-related genes in male and pseudomale testicular cells. F, Box plot showing
the expression of gfral and ret in Undiff SPG of males and pseudomales. P<0.05 (*), P<0.001
(**%*), determined by z-tests.
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Figure 5 Z chromosomal gene activity in male (ZZm) and pseudomale (ZWm) Chinese tongue
sole testis cells. A, Heatmap of the expression of Z chromosome-specific genes (top) and
autosomal genes (bottom) in male and pseudomale testicular cells and an enrichment analysis of Z
chromosomespecific genes (P<0.05). B, Heatmap of piRNA-related gene expression in males and
pseudomales. C, Box plots of Z chromosome-specific genes associated with spermatogenesis in
germ cells. P<0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001 (****), and “ns” indicates “not
significant”, determined by #-tests. D, Box plot of Z chromosome gene expression in males and
pseudomales fish. Z-to-autosome expression ratio indicates the ratio of the average expression of
Z chromosome genes to the average expression of autosomal genes. E, Box plot of dosage-
compensation region genes (13.6—15.6 Mb) (Shao et al., 2014) on the Z chromosome in male and
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pseudomale fish. The Z (13.6-15.6 Mb) to autosome expression ratio indicates the ratio of the

average expression of genes in the dosage-compensation region to the average expression of

autosomal genes.
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Figure 6 Transcription profile differences between somatic testicular niche cells of male (ZZm)

and pseudomale (ZWm) gonads. A, Proportions of somatic cells in males (blue) and pseudomales
(red). P<0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001 (****), and “ns” indicates “not
significant”, determined by #-tests. B, Volcano plot showing the DEGs in Leydig cells between
males and pseudomales, Fold Change >2 as the threshold (dotted line). C, Enriched terms for

DEGs between male and pseudomale Leydig cells. D, Heatmap of steroidogenesis-related genes in
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male and pseudomale fish testis cells. E, Volcano plot showing the DEGs in Sertoli cells between
males and pseudomales, Fold Change >2 as the threshold (dotted line). F, Enriched terms of DEGs
between male and pseudomale Sertoli cells. G, Box plot of down-regulated genes in Sertoli cells
of pseudomale. P<0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001 (****), determined by #-tests.
H, Heatmap of sex-related genes in testicular cells of Chinese tongue sole males and pseudomales.
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Figure 7 Model of pseudomale spermatogenesis. Pseudomales showed a decrease in the area
occupied by Leydig cells, and the down-regulation of several genes related to Leydig and Sertoli
cell function. In spermatogonia, the CaSR-MAPK signaling factors gfral and ret are active and
Ca?" signaling is inactive. The meiotic initiation of spermatocytes is blocked, accompanied by
autophagy. Many genes related to spermatogenesis are expressed on the Z chromosome; however,
they are absent on the W chromosome.
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