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ABSTRACT

Zebrafish serve as a valuable model organism for studying
germ cell biology and reproductive processes. The AB
strain of zebrafish is proposed to exhibit a polygenic sex
determination system, where most males initially develop
juvenile ovaries before committing to male fate. In species
with  chromosomal sex determination, gonadal somatic
cells are recognized as key determinants of germ cell fate.
Notably, the loss of germ cells in zebrafish leads to
masculinization, implying that germ cells harbor an intrinsic
feminization signal. However, the specific signal triggering
oogenesis in zebrafish remains unclear. In the present
study, we identified fox/2/ as an oocyte progenitor-specific
gene essential for initiating oogenesis in germ cells.
Results showed that fox/2/-knockout zebrafish bypassed
the juvenile ovary stage and exclusively developed into
fertile males. Further analysis revealed that loss of fox/2/
hindered the initiation of oocyte-specific meiosis and
prevented entry into oogenesis, leading to premature
spermatogenesis during early gonadal development.
Furthermore, while mutation of the pro-male gene dmrt1
led to fertile female differentiation, simultaneous disruption
of foxI2l in dmrt1 mutants completely blocked oogenesis,
with a large proportion of germ cells arrested as germline
stem cells, highlighting the crucial role of fox/2l in
oogenesis. Overall, this study highlights the unique
function of fox/2] as a germ cell-intrinsic gatekeeper of
oogenesis in zebrafish.
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INTRODUCTION

Gonadal differentiation refers to the process by which gonads
develop from an undifferentiated state into functional testes or
ovaries. In species with a single sex-determining gene, such
as SRY in mammals and dmy in medaka fish (Koopman,
1999; Matsuda et al., 2002), these genes regulate a cascade
of downstream genes directing gonadal differentiation (Cutting
etal., 2013; Li et al., 2022; Nagahama et al., 2021). However,
the AB strain of zebrafish, widely used in genetic,
developmental, and medical research, exhibits a polygenic
sex determination system due to chromosomal alterations
during domestication (Wilson etal., 2014). Despite the
interaction of multiple genes and the influence of various
environmental factors (Aharon & Marlow, 2021; Anderson
etal.,, 2012; Devlin & Nagahama, 2002), sex differentiation
processes in zebrafish remain largely conserved (Lin et al.,
2017; Webster et al., 2017; Yang et al., 2017). Orthologs of
gonadal somatic genes involved in sex differentiation in other
species perform similar roles in zebrafish. For instance, the
loss of critical granulosa cell differentiation factors, fox/2a and
foxI2b, results in female-to-male sex reversal (Yang etal.,
2017). Additionally, the loss of enzymes involved in estrogen
or androgen biosynthesis, such as cyp11a2, cyp17at
cpy19ata, and cyp1ict1, also disrupts female and male
differentiation (Lau et al., 2016; Li etal., 2020; Wang et al.,
2022; Zhai etal., 2018; Zhang et al., 2020b). Furthermore,
dysfunction of the key transcription factor for male
development, dmrt1, leads to a female differentiation bias and
spermatogenesis arrest (Lin etal., 2017; Webster etal.,
2017). Despite these insights, the mechanisms underlying
gonadal differentiation in zebrafish remain incompletely
understood.

Zebrafish germ cells play a vital role in sex differentiation.
During embryonic development, the number of primordial
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germ cells (PGCs) significantly influences zebrafish sex, with
a lack or lower number of PGCs leading to masculinization
and a higher number promoting feminization (Siegfried &
Nusslein-Volhard, 2008; Slanchev et al., 2005; Tzung et al.,
2015; Ye etal., 2019). Recent studies have shown that the
knockout of germ cell-specific factors, like figla, nobox, gdf9,
and bmp15, results in defective oocyte formation and an all-
male phenotype in zebrafish (Chen et al., 2022; Dranow et al.,
2016; Qin etal., 2022, 2018; Zhai etal., 2023). Moreover,
environmental factors such as temperature, hormone levels,
fatty acid metabolism, and social interactions can affect
zebrafish sex and reproduction (Abozaid et al., 2011; Dang &
Kienzler, 2019; Li et al., 2024; Ribas et al., 2017; Santos et al.,
2017; Xu etal., 2023). During early gonadal development,
most zebrafish initially develop juvenile ovaries, but some fail
to mature and instead undergo sex reversal, resulting in
masculinization (Luzio et al., 2021; Uchida et al., 2002; Wang
et al.,, 2007; Wilson etal., 2024). Although zebrafish lack a
single sex-determining gene, many genes and signaling
pathways involved in gonadal differentiation are conserved
compared among vertebrates. As such, zebrafish can serve
as an ideal model organism for studying gonadal
differentiation processes.

Forkhead box (FOX) proteins are a family of transcription
factors characterized by a highly conserved DNA-binding
domain known as the “forkhead box” or “winged helix” domain
(Jackson et al., 2010). This domain enables FOX proteins to
bind to specific DNA sequences, thereby regulating the
expression of target genes. The FOX protein family is diverse,
with over 60 members identified in zebrafish (Zeng etal.,
2020), each exhibiting distinct tissue-specific expression
patterns and functions. Among these, fox/2a and foxI2b,
expressed in granulosa cells, are essential for ovarian
development in zebrafish, with their orthologs performing
similar functions in many other organisms (Georges etal.,
2014; Yang et al., 2017). Interestingly, teleost fish possess an
additional fox/2 paralog, foxI2/ (or foxI3), absent in mammalian
genomes. Unlike fox/2a/b, foxI2l is specifically expressed in
germ cells, implying unique functions.

Researchers have identified fox/3 as a germ cell-intrinsic
sex determination factor in medaka (Oryzias Iatipes)
(Nishimura et al., 2015). Loss of fox/3 enables germ cells to
undergo spermatogenesis within the ovary, challenging the
traditional view that gonadal somatic cells determine germ cell
fate. Studies have also demonstrated that fox/3 inhibits
spermatogenesis while promoting meiosis by activating
downstream factors f-box protein 47 (fbxo47) and RECS8
meiotic recombination protein a (rec8a) (Kikuchi et al., 2019,
2020). Similarly, foxI3 is reported to play a comparable role in
sex differentiation in tilapia (Oreochromis niloticus) (Dai et al.,
2021). Both species possess dominant sex-determining
genes, with dmy (also known as dmrt1y) in medaka and amhy
in tilapia acting as primary regulators of sex differentiation (Li
etal.,, 2015; Matsuda etal.,, 2002; Nanda etal., 2002). In
contrast, zebrafish lack a single sex-determining gene, making
the investigation of the role of fox/3 in zebrafish particularly
intriguing. Recent research has indicated that fox/2l, the
zebrafish ortholog of fox/3, is specifically expressed in oocyte
progenitors, suggesting a potential role in zebrafish oogenesis
(Liu etal., 2022). However, the precise function of fox/2/
remains unknown.

In this study, we established a fox/2/-knockout zebrafish
model using CRISPR/Cas9 technology to investigate the role

of fox/2/ in oogenesis. The fox/2/-knockout zebrafish bypassed
the juvenile ovary stage and developed into fertile males,
highlighting the crucial role of fox/2/ in sex differentiation.
Further analysis revealed that loss of fox/2] impeded the
initiation of meiosis and obstructed entry into oogenesis,
resulting in premature spermatogenesis during early gonadal
development. Furthermore, by creating double mutants of
foxI2l and the pro-male gene dmrt1, we demonstrated that
simultaneous loss of both genes led to the complete blockage
of germ cell differentiation, with a significant proportion of cells
arrested in an undifferentiated state. These findings highlight
the indispensable role of fox/2/ in oogenesis. This study
identified the unique function of fox/2] as a gatekeeper of
oogenesis in zebrafish gametogenesis and sex differentiation.

MATERIALS AND METHODS

Fish and maintenance

All experiments in this study were performed on AB strain
zebrafish. All zebrafish were maintained and raised as
described previously (Kimmel etal., 1995) at the China
Zebrafish Resource Center of the National Aquatic Biological
Resource Center (CZRC-NABRC, Wuhan, China,
http://zfish.cn). The experiments involving zebrafish followed
the Zebrafish Usage Guidelines of the China Zebrafish
Resource Center (CZRC) and were performed under the
approval of the Institutional Animal Care and Use Committee
of the Institute of Hydrobiology, Chinese Academy of Sciences
(protocol number IHB2014-006).

Establishment of mutant lines

The CRISPR/Cas9 system was applied to generate zebrafish
mutant lines according to previously reported protocols (Zhang
et al., 2020a). Target sites were designed using an online tool
(http://www.crisprscan.org/). The single-guide RNA (sgRNA)
and Cas9 mRNA were prepared using MEGAscript T7 and
mMMESSAGE mMACHINE T3 kits (Life Technologies, USA),
respectively. A mixture of 1 nL, containing 400 ng/uL Cas9
mRNA and 50 ng/uL sgRNA, was co-injected into one-cell-
stage embryos to generate the FO mutant fish. The mutations
were identified by PCR and sequencing. FO fish carrying
mutations were raised and outcrossed with wild-type (WT) fish
to produce F1 offspring.

Sampling and histological analysis

Zebrafish were anesthetized by MS222 (Sigma-Aldrich, USA)
and imaged with a digital camera (Canon EOS 700D, Japan).
Whole fish were then fixed in Bouin's fixative for 24 h before
processing. After standard histological processing, the
samples were embedded in paraffin and sectioned at 2 ym
using a microtome (HM340E, Thermo Scientific, USA). The
sections were viewed and imaged under a microscope
(Olympus BX53, Japan) or scanned with Aperio VERSA
(Leica, Germany).

Single-molecule fluorescence in situ hybridization (sm-
FISH)

For whole-mount sm-FISH, zebrafish gonads were fixed in 4%
paraformaldehyde (PFA) overnight at 4°C and processed for
hybridization following previously described protocols (Choi
et al., 2018; Dirks & Pierce, 2004). At least five pairs of probes
were designed for each gene detected. After fixation, the
samples were washed with PBST three times for 5 min each,
then permeabilized with 10 ug/mL proteinase K for 20 min.
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The samples were then washed with saline-sodium citrate
buffer (SSCT) three times for 5 min each, then incubated with
the probe overnight at 37°C. After washing four times, the
samples were incubated with labeled hairpins to initiate
hybridization chain reaction (HCR) at room temperature for 4 h
in the dark. Excess hairpins were removed by washing with
SSCT, after which the samples were stained with 1 pg/mL
DAPI for 30 min and mounted with VECTASHIELD® mounting
medium (Vector Laboratories, USA). Confocal images were
acquired using a laser-scanning confocal inverted microscope
(Leica SP8, Germany) with a 63x oil-immersed objective and
processed with Fiji software (Schindelin et al., 2012).

RNA sequencing (RNA-seq) and analysis

The zebrafish were sampled at 15 and 20 days post-
fertilization (dpf). Three fish trunks, including the gonads, were
pooled into one sample and preserved in RNA stabilizer after
dissection. Total RNA was extracted and purified using a
FastPure Complex Tissue/Cell Total RNA Isolation Kit
(Vazyme, China). RNA quality was determined by Nanodrop,
Qubit, and Labchip GX. For each sample, 50 ng of RNA was
used to prepare VAHTS RNA-seq libraries using a Universal
V6 RNA-seq Library Prep Kit for lllumina (Vazyme, China).
Sequencing was performed on the lllumina NextSeq 500
platform (USA) with 150 bp paired-end (PE) reads at the
Analysis and Testing Center of Institute of Hydrobiology,
Chinese Academy of Sciences, China. Clean data were
mapped to zebrafish reference transcripts generated from
genome GRCz11 Ensembl release 97. Differential expression
analysis was performed using DESeq2 (Love et al., 2014),
with genes exhibiting an adjusted P<0.05 considered as
differentially expressed genes (DEGs). DEGs were subjected
to Gene Ontology (GO) enrichment analysis. GO enrichment
analysis and visualization were performed using
ClusterProfiler v.4.0 (Wu et al., 2021).

Quantitative PCR (qPCR)

The zebrafish were sampled at 35 dpf. Two fish trunks were
pooled into one sample and maintained in RNA stabilizer after
dissection. Total RNA was extracted using a FlaPure Animal
Tissue Total RNA Extraction Kit (Beijing Genesand Biotech,
China). cDNA was synthesized with an HiScript Il All-in-One
RT SuperMix Perfect for gPCR Kit (Vazyme, R333-01, China).
gPCR was performed using a CFX96 Touch Real-Time PCR
Detection System (BioRad, USA) and Taq Pro Universal
SYBR gPCR Master Mix (Vazyme, Q712-02, China). effa was
used as a reference gene as its expression was invariant in
the WT and fox/2I~ gonads. The expression levels of fox/2/
and dmrt1 were analyzed. The primer pairs were: effa: effa-F
(5-GGCTGACTGTGCTGTGCTGATTG-3’) and effa-R (5*-CT
TGTCGGTGGGACGGCTAGG-3'); foxI2l: foxI2l-F (5-GGTCT
GTAGGACGGGTGAAAATG-3') and foxI2I-F (5-CAATCTG
AGCCTGAACGAGTG-3’); and dmrt1: dmrt1-F (5-CGATGAT
CAACGCTGAGAA-3) and dmrt1-R (5-AACCTTATAGAA
CGACCCCT-3)).

Immunofluorescence

Immunofluorescence staining was performed following
previously described procedures (Ye et al., 2023). Antibodies
labeled for Piwil1 and Sycp3, as well as primary antibodies for
nanos2 used, were generated in a prior study (Ye etal.,
2023). For whole-mount immunofluorescence staining,
zebrafish gonads were fixed in 4% PFA overnight at 4°C. For
section immunofluorescence staining, zebrafish gonads were
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fixed in 2% PFA at room temperature for 2 h, then transferred
to a series of sucrose solutions with increasing concentrations
(5%, 8%, 12%,16%, and 20% sucrose) for 30 min each.
Samples were embedded in optimal cutting temperature
(OCT) medium and sectioned at 12 ym using a CM5030
cryostat (Leica, Germany). The sections were washed three
times for 5 min each with PBSBDT (2% bovine serum albumin
(BSA), 1% dimethyl sulfoxide (DMSO), and 0.1% Triton X-100
in phosphate-buffered saline (PBS)), then blocked in PBSBDT
for 2 h at room temperature. After blocking, the samples were
incubated with primary antibodies diluted in PBSBDT
overnight at 4°C, followed by incubation with anti-rabbit Alexa
Fluor 488 secondary antibody (Molecular Probes, RRID:
AB_2535792, USA) for 2 h at room temperature. The samples
were then mounted with VECTASHIELD® mounting medium.
Confocal images were acquired using a laser-scanning
confocal inverted microscope (Leica SP8, Germany) with a
63x oil-immersed objective and processed with Fiji software
(Schindelin et al., 2012).

Estradiol (E2) treatment

For E2 treatment, the progeny of fox/2/"~ and foxI2I"~ fish
were used, with random distribution into different groups. The
15 dpf fry were exposed to 0.50 nmol/L E2 for 25 days until 40
dpf. The water was changed twice a day with freshly added
E2. After the treatment period, the fish were allowed to
recover for 5 days. At 45 dpf, all fish were anesthetized with
MS222 and fixed for histological analysis.

Data analysis

All results are expressed as meanzstandard error of the mean
(SEM). Statistical significance was analyzed by one-way
analysis of variance (ANOVA) (between more than two
groups) or unpaired Student's t-test using (between two
groups) Prism software (GraphPad, USA). Statistical
significance was set to : P<0.05, : P<0.01, and ": P<0.001.

RESULTS

foxI2I deficiency led to all-male development

To elucidate the role of fox/2/ during the critical period of
zebrafish gonadal differentiation, sm-FISH was first applied to
detect the expression of fox/2/ in the gonads at the juvenile
ovary stage (Figure 1A). In 30 dpf ovaries with abundant IB
stage oocytes, fox/2] was primarily expressed in
synchronously dividing germ cells within germ cell cysts,
which may be mitotic oogonia or prefollicular IA stage (also
known as chromatin nucleolar stage) oocytes entering meiosis
(Figure 1A). Additionally, weak fox/2] expression was
observed in IB stage oocytes (Figure 1A asterisk). In putative
males, where no or very few IB stage oocytes were observed,
foxI2l was specifically expressed in germ cells within the cysts.
These findings indicate that during the juvenile ovary stage,
foxI2l is predominantly expressed in germ cells within germ
cell cysts, suggesting a potential function in germ cell
differentiation.

To investigate the function of fox/2l, CRISPR/Cas9 was
employed to target the forkhead box domain of the fox/2/
gene. A mutant line was generated with a 13 bp deletion
resulting in a frame-shift mutation (Figure 1B). Protein
structure predictions using AlphaFold indicated that, compared
to the WT FoxI2I protein, the mutation in the critical forkhead
box domain led to misfolding, disrupting the protein structure
and presumably causing functional inactivation (Figure 1C).
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Figure 1 Loss of fox/2lled to an all-male phenotype in zebrafish

A: sm-FISH detection of fox/2/ expression in zebrafish gonads during sex differentiation. In females, fox/2/ was mainly expressed in synchronously
dividing germ cells (arrowheads) within germ cell cysts (circled with white dashed lines) and weakly in IB stage oocytes (asterisks). In putative
males, fox/2] was also expressed in germ cell cysts. Scale bars: 10 pm. B: Schematic of fox/2/ gene structure and CRISPR/Cas9-induced mutation.
Mutant line with a 13 bp deletion was generated for phenotype analysis. Underlined sequence is CRISPR site, protospacer adjacent motif (PAM)
sequence is shown in blue, and altered sequence is shown in red. C: Structural prediction of mutant FoxI2| protein. Mutation led to misfolding of its
forkhead domain (labeled in magenta). Arrowhead indicates mutation site. Falsely translated peptide is labeled in yellow. D: Sex ratio of adult fish in
WT, foxI2I'", and foxI2I"~ fish (n=22 WT, n=43 foxI2I"~, n=20 foxI2I""). All foxI2I"~ fish developed into males. E-G: Morphology of WT females, WT
males, and fox/2I”~ fish at 120 dpf. The fox/2/”~ fish developed into males only. Arrowheads indicate genital papilla. Scale bars: 1 cm. H-J: Gross
morphology of gonads in WT females, WT males, and fox/2/”~ fish. Asterisks indicate gonads. K—P: Histological examination of gonads in WT
females, WT males, and fox/2/”" fish. PG, primary growth stage oocyte; PV, previtellogenic oocyte; FG, full-grown oocyte; SPG, spermatogonia;
SPC, spermatocyte; SPZ, spermatozoa. Scale bars: 500 ym, 200 ym, and 20 ym. Q: Fertility analysis of male adult fish of different genotypes
crossed with WT females (n=3 for each group, one-way ANOVA exhibited no significant difference, mean+SEM). The fox/2I"~ males exhibited
comparable fertility to WT and fox/2/"~ males. R: Hatching rate of embryos produced with male adult fish of different genotypes and WT females
(n=3 for each group, one-way ANOVA exhibited no significant differences, meantSEM).
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The impact of fox/2] deficiency on zebrafish sex
differentiation was further assessed by comparing the sex
ratio of adults at 120 dpf. All fox/2/-knockout (fox/2I"")
zebrafish developed as males, while WT (fox/i2I"*) and
heterozygous (fox/2I"") siblings exhibited a sex ratio with
approximately 60% females (Figure 1D). Anatomical and
histological analyses revealed that the testis structure and
spermatogenesis in fox/2/”~ males were comparable to those
of the WT males (Figures 1E—P). Additionally, fox/2/"~ sperm
could fertilize WT eggs normally (Figure 1Q), with a hatching
rate comparable to that of the WT (Figure 1R). These findings
suggest that fox/2/ is essential for female development in
zebrafish but is not necessary for male development.

foxI2l deficiency prevented juvenile ovary formation

To investigate the role of fox/2/ in gonadal development, the
developmental trajectories of fox/2I"~ zebrafish were
comprehensively compared at different stages, using fox/2*~
zebrafish as the control because the heterozygous mutants
did not differ developmentally from their WT siblings. At 15
dpf, the foxI2I""~ gonads contained pre-meiotic germ cells with
distinctive nucleoli, forming germ cell cysts through
synchronous division (Figure 2A1). Additionally, these gonads
exhibited meiotic cells within the germ cell cysts, displaying
typical features of IA stage oocytes. In contrast, the fox/2/"~
gonads only contained pre-meiotic germ cells within the cysts,
lacking germ cells that had entered meiosis (Figure 2A2).

By 20 dpf, the fox/2I"~ gonads showed synchronized
development of more meiotic germ cells or IA stage oocytes
within the germ cell cysts, presenting an ovarian-like structure
(juvenile ovary) (Figure 2B1). Conversely, the fox/2/”~ gonads
displayed typical features of spermatogonia differentiation
from type A to type B, with many germ cells exhibiting deep
hematoxylin staining, disappearance of distinct nucleoli,
reduced nuclear areas, and increased cell numbers within
each germ cell cyst, indicating the presence of type B
spermatogonia (Figure 2B2).

Starting from 25 dpf, the fox/2/"~ gonads exhibited two
distinct developmental states, indicating phenotypic sexual
differentiation. At 25 dpf, some individuals in the fox/2I"~ group
developed numerous IB stage oocytes (Figure 2C1). These
oocytes possessed peripherally distributed nucleoli in germinal
vesicles and assembled with surrounding somatic cells to form
primary growth (PG) stage follicles, indicating the initiation of
normal oogenesis and the likelihood of future female
development. In other individuals, most oocytes halted
development at the IA stage, with anticipated apoptosis
leading to arrested oogenesis (Figure 2C2). The ovarian-like
gonads eventually transitioned to testes, with the individuals
developing into males. However, in the fox/2/”~ gonads,
neither IB stage oocytes nor ovarian-like structures were
observed. Instead, early testicular characteristics persisted,
revealed by the accumulation of abundant type B
spermatogonia (Figure 2C3).

At 35 dpf, the fox/2I"~ females exhibited a rapid increase in
the number of PG stage follicles (Figure 2D1), while the
foxI2I""~ males were still undergoing transition from ovarian-like
gonads to testes, with |A stage oocytes remaining
(Figure 2D2). In the fox/2I”~ fish, type B spermatogonia further
increased in number, and meiotic spermatocytes were
observed, indicating ongoing spermatogenesis (Figure 2D3).

By 45 dpf, the fox/2I"~ female ovaries displayed continuous
development, with some oocytes showing cortical alveoli,
suggesting progression toward late-PG or previtellogenic (PV)
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stage follicles (Figure 2E1). The fox/2I"~ males completed the
juvenile ovary to testes transition, initiating spermatogenesis
with meiotic spermatocytes without any visible spermatozoa
(Figure 2E2). In contrast, spermatogenesis in the fox/2I"~ fish
was already completed, with observable spermatozoa
(Figure 2E3).

In summary, the loss of fox/2| prevented germ cells from
entering oogenesis and hindered the formation of juvenile
ovaries, indicating that fox/2] is essential for initiating
oogenesis. Moreover, in the absence of fox/2l, germ cells
directly entered premature spermatogenesis, resulting in
precocious spermatozoa production, thus demonstrating the
role of fox/2/ in inhibiting spermatogenesis.

foxI2I deficiency prevented female meiosis and oogenesis
To elucidate the role of fox/2/ in gonadal differentiation and
identify potential regulatory factors, transcriptome analysis
was conducted on fox/2l-knockout zebrafish at 15 and 20 dpf,
coinciding with the onset of germ cell differentiation and
juvenile ovary formation and aligning with previous
observations of mutant phenotypes.

For each sample, over 6 gigabytes (GB) of FASTQ raw data
were obtained (Supplementary Table S1). FASTQ reads were
cleaned using Trimmomatic, with over 6 GB of clean data
obtained for further analysis (Supplementary Table S2). GO
enrichment analysis of DEGs revealed significant enrichment
in terms related to meiosis and oocyte development
(Figure 3A), as well as terms related to peptidase activity
(Figure 3A). Genes with potential roles in meiosis were
significantly down-regulated in fox/2I"~ fish at the sampled
stages (Figure 3B). Additionally, oocyte-expressed genes
showed little difference at 15 dpf but were significantly down-
regulated at 20 dpf in fox/2I"~ fish (Figure 3C). These findings
indicate that germ cells in fox/2/”~ fish do not establish a
female germ cell identity, preventing entry into advanced
meiosis and oogenesis.

Further analysis of the expression of representative genes
associated with gametogenesis (fox/2a, fox/2b, sox9a, and
gsdf) and steroid synthesis (cyp77a2 and hsd3b1) in gonadal
somatic cells revealed no significant differences between
foxI2I*~ and foxI2I""~ fish (Figure 3D). This suggests that fox/2/
knockout primarily affects gametogenesis and gonadal
differentiation through germ cells rather than gonadal somatic
cells.

To further clarify the roles of fox/2l in meiosis,
immunofluorescence was employed to analyze germ cell
development in fox/2l-knockout zebrafish. An antibody against
Piwi-like RNA-mediated gene silencing 1 (Piwil1) was used to
label germ cells, and an antibody against synaptonemal
complex protein 3 (Sycp3), a protein involved in synaptonemal
complex formation, was used to label the process of meiosis
(Ye et al., 2023).

At 20 dpf, the fox/2I"~ gonads displayed clusters of Piwil1
and Sycp3 double-positive cells, with the distribution pattern of
Sycp3 indicating entry into meiosis (Figure 4A1-4). In
contrast, all Piwil1-positive cells in fox/2I"~ fish lacked Sycp3
signals, indicating the absence of germ cells entering meiosis
(Figure 4B1-4). By 35 dpf, sex differentiation was evident in
foxI2I*"~ fish, with some individuals developing numerous PG
stage follicles, indicating future female development
(Supplementary Figure S1A1-4). In these fish, IA stage
oocytes exhibited Piwil1 and Sycp3 double-positivity, while IB
stage oocytes showed Sycp3 negativity due to reaching the
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A1, A2: At 15 dpf, foxI2I""~ gonads contained pre-meiotic germ cells (arrowhead) and IA stage oocytes (circled with white dashed lines). The fox/2/"-
gonads only contained pre-meiotic germ cells (arrowhead). Scale bars: 20 um. B1, B2: At 20 dpf, fox/2/"~ gonads contained more IA stage oocytes,
exhibiting an ovarian-like structure. The fox/2I”~ gonads contained type B spermatogonia (SPG-B) and underwent spermatogenesis. Scale bars: 50
um and 20 um. C1-C3: At 25 dpf, fox/2I"~ females developed PG stage follicles in the gonads. The fox/2I~ males only developed IA stage oocytes.
The foxI2I"~ fish accumulated abundant type B spermatogonia. Scale bars: 50 ym and 20 ym. D1-D3: At 35 dpf, fox/2I~ females exhibited
increased PG stage follicles. The fox/2I*"~ males transitioned from ovarian-like gonads to testis, with IA stage oocytes remaining. In fox/2I"~ fish, type
B spermatogonia further increased, and meiotic spermatocytes were observed. Scale bars: 100 pm and 20 ym. E1-E3: At 45 dpf, fox/2I"~ female
ovaries displayed late-PG stage follicles. The fox/2~ males initiated spermatogenesis with meiotic spermatocytes. In fox/2/"~ fish, spermatozoa
were detected. Scale bars: 100 um and 20 pym. IA, IA stage oocytes; PG, primary growth stage oocyte; SPG-B, type B spermatogonia; SPC,

spermatocyte; SPZ, spermatozoa.

diplotene stage. Conversely, other individuals, expected to
develop into males, showed persistent clusters of Piwil1 and
Sycp3 double-positive cells, indicating ongoing meiosis
(Figure 4C1-4). Based on these observations and previous
histological analysis, these individuals were undergoing
juvenile ovary to testis transition (Figure 4C1-4). Meiotic germ
cells, corresponding to IA stage oocytes in the juvenile ovary,
failed to progress to the diplotene stage and form IB stage
oocytes. In the fox/2I” fish, most germ cells remained Sycp3-

negative, with a few cells showing Sycp3 signals clustered at
a single point, indicating preleptotene or leptotene stage germ
cells. (Figure 4D1-4). At 45 dpf, the fox/2"~ females exhibited
ongoing oogenesis, with follicles increasing in size and
developing into late-PG or PV stage oocytes (Supplementary
Figure S1B1-4). Concurrently, the fox/2/"~ males completed
juvenile ovary to testis transition, initiating spermatogenesis.
The expression pattern of Sycp3 indicated that many germ
cells entered primary meiosis, including spermatocytes at the
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Figure 3 Transcriptomic analysis of fox/2l-knockout zebrafish

A: GO enrichment analysis of DEGs in fox/2I"~ and foxi2/"~ fish. B: Expression

0
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heatmap showing representative genes with potential roles in

meiosis. C: Expression heatmap showing representative oocyte-expressed genes. D: Expression analysis of representative gonadal somatic cell-
expressed genes (n=3 for each group, unpaired two-tailed Student's t-test, mean+SEM.; ns: Not significant). FPKM: Fragments Per Kilobase per

Million.

leptotene and zygotene stages (Figure 4E1-4). However,
pachytene-stage spermatocytes, spermatids, and
spermatozoa were not observed (Figure 4E1-4). In the
foxI2I~ fish, spermatogenesis was complete, with visible germ
cells at different meiotic stages and mature spermatozoa
(Figure 4F1-4).

In summary, during the critical period of sexual
differentiation, germ cells in the fox/2/”~ fish established
female germ cell identity, entered advanced meiosis, and
formed juvenile ovaries. In contrast, germ cells in the fox/2I-
knockout zebrafish failed to establish female germ cell identity,
instead adopting a male germ cell identity. These results
highlight the essential role of fox/2/ in maintaining female germ
cell identity.
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Estrogen treatment failed to rescue the phenotype of
foxI2l-knockout zebrafish
Environmental factors can significantly impact sex
differentiation in zebrafish (Dang & Kienzler, 2019; Devlin &
Nagahama, 2002). Previous studies have shown that estrogen
treatment can rescue oogenesis in certain mutants with an all-
male phenotype, such as cyp19afa, bmp15, and nobox
mutants (Lau et al., 2016; Wu et al., 2023; Zhai et al., 2023).
To determine whether estrogen has a similar effect on fox/2-
knockout zebrafish, 0.50 nmol/L E2 was administered from 15
to 40 dpf for 25 days, followed by histological analysis at 45
dpf (Figure 5A) (Lau et al., 2016).

In the foxI2I*~ EtOH group, sex differentiation proceeded as
expected, with PG-stage follicles observed in females and
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Figure 4 Meiosis progression in fox/2l-knockout zebrafish by co-staining of Piwil1 and Sycp3

A1-A4: At 20 dpf, foxI2I""~ fish exhibited Piwil1 (magenta) and Sycp3 (yellow) double-positive cells, with the distribution pattern of Sycp3 indicating
entry into meiosis. B1-B4: At 20 dpf, fox/2I"~ fish showed no Sycp3 signal. C1-C4: At 35 dpf, fox/2I"~ males exhibited Piwil1 and Sycp3 double-
positive cells. D1-D4: At 35 dpf, fox/2I"~ fish showed weak Sycp3 signals. E1-E4: At 45 dpf, fox/2I"~ males exhibited different Sycp3 expression
patterns, representing leptotene (L) and zygotene stage (Z) spermatocytes. F1-F4: At 45 dpf, spermatogenesis was already completed in fox/2/"~
fish, with spermatozoa (SPZ) and spermatocytes at different meiotic stages. P, pachytene stage. Scale bars: 20 ym and 10 ym.
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Figure 5 E2 treatment failed to rescue the phenotype of fox/2l-knockout zebrafish

A: Schematic of E2 treatment. B1-B6: Histological analysis of fish in different groups. Numbers represent number of fish showing representative
phenotype/total number of fish in this group. IA, IA stage oocyte; PG, primary growth stage follicle; SPG, spermatogonia; SPC, spermatocyte; SPD,

spermatid. Scale bars: 100 um and 20 ym.

spermatogonia observed in males (Figure 5B1, 2). However,
in the fox/2I"~ E2-treated group, gonads exhibited two distinct
developmental states, with some displaying PG-stage follicles
with ovarian characteristics (Figure 5B4 vs. B1), and others
lacking PG-stage follicles and showing testis characteristics
(Figure 5B5). These gonads differed significantly from control
testes, lacking visible type B spermatogonia and primary
spermatocytes, instead showing IA stage oocyte-like cells,
indicating inhibition of spermatogenesis (Figure 5B5 vs. B2).
These findings indicate that E2 treatment at this concentration
is effective, exerting an inhibitory effect on spermatogenesis.
In the foxi2I~ EtOH group, all individuals developed as
males, with spermatocytes and spermatids present in the
testes (Figure 5B3). Notably, in the fox/2I~ E2-treated group,
PG-stage follicles were not observed, indicating that E2
could not rescue oogenesis in fox/2l-knockout zebrafish
(Figure 5B6). Furthermore, E2 failed to inhibit
spermatogenesis in fox/2l-knockout zebrafish, as observed in
the foxI2I'~ E2-treated group (Figure 5B5 vs. B6). These
results suggest that the inhibitory effect of estrogen on
spermatogenesis likely depends on the presence of fox/2I.

foxI2] was essential for oogenesis entry
The AB strain of zebrafish, with its polygenic sex
determination system, displays a remarkable degree of sexual
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plasticity. During sex differentiation, the loss-of-function of
genes promoting female development commonly results in
sexual reversal from female to male (Qin et al., 2018, 2022).
The all-male phenotype observed in fox/2l-knockout zebrafish
may be due to a disruption in the balance between pro-female
and pro-male gene expression during the critical period of sex
differentiation. Previous studies have suggested that the fox/2/
homolog regulates the pro-male gene dmrt1 in Nile tilapia (Dai
et al., 2021).

To determine whether fox/2] exerts similar functions in
zebrafish, sm-FISH was employed to examine the dynamic
expression patterns of fox/2l and dmrt1 (Figure 6A). It is
important to note that sm-FISH detects mRNA, and although
foxI2] signals may be present in mutants, they cannot be
translated into functional proteins. At 20 dpf, fox/2] was
predominantly expressed in germ cells within germ cell cysts
in foxI2I~ fish, likely representing mitotic germ cells or IA
stage oocytes (Figure 6A1). While these cells showed strongly
positive fox/2/ signals, dmrt1 signals were remarkably low.
Conversely, in fox/2I"~ fish, while fox/2/ signals were detected
in germ cells within the germ cell cyst, dmrt1 signals were
significantly higher compared to fox/2/*~ fish at the same stage
(Figure 6A2). These findings suggest a potential inhibitory role
of fox/2l on dmrt1 expression.

At 35 dpf, sexual differentiation became evident in the
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Figure 6 foxl/2l was essential for oogenesis entry

A: sm-FISH detection of fox/2/ (magenta) and dmrt1 (yellow) expression in fox/2l-knockout zebrafish. A1: At 20 dpf, fox/2/ was mainly expressed in
germ cells within germ cell cysts in fox/2/""~ fish, while dmrt1 expression was very weak in these cells. A2: At 20 dpf, fox/2/ was expressed in cystic
germ cells in fox/2I"~ fish, while dmrt1 expression was significantly higher compared to fox/2/""~ fish. A3: At 35 dpf, fox/2I"~ females developed some
PG stage follicles, with fox/2/ mainly expressed in cystic germ cells and dmrt1 showing very weak expression. A4: At 35 dpf, no PG stage follicles
could be detected in fox/2/"~ males, with fox/2/ mainly expressed in cystic germ cells and dmrt1 showing very weak expression. A5: At 35 dpf, no
foxI2l expression was detected in fox/2/™~ gonads, but robust dmrt1 signals appeared. Scale bars: 20 ym and 10 ym. B: gqPCR analysis of fox/2/ and
dmrt1 mRNA expression in fox/2l-knockout zebrafish at 35 dpf. (n=3 for each group, one-way ANOVA, mean+SEM.; ": P<0.05; ns: Not significant).
C: Sex ratio of adult fish in different genotypes (n=19 WT, n=22 dmrt1™~, n=19 foxI2I™~, n=12 foxI2I"~; dmrt1™"). dmrt1 knockout did not rescue the
all-male phenotype in fox/2l-knockout zebrafish. D: Histological analysis of fox/2/”~ and foxI2I”~; dmrt1™"~ adult fish. The fox/2/”~ fish developed as
normal males, while the fox/2I"~; dmrt1™~ fish exhibited impaired gonadal development and undifferentiated germ cells. Scale bars: 200 um and 20
um. E: Immunostaining of Piwil1 and Sycp3 in fox/2/”~ and foxI2I”~; dmrt17~ fish. The foxI2I"~; dmrt1™~ fish contained numerous strong Piwil1-
positive cells with clear nucleoli (arrowhead) and few cells with Sycp3 signals. SPG, spermatogonia; SPC, spermatocyte; SPZ, spermatozoa. Scale
bars: 20 ym and 10 pym. F: Immunostaining of Nanos2 in fox/2I"~ and fox/2I"~; dmrt17 fish. Most germ cells in fox/2/”~; dmrt1™~ fish exhibited high
Nanos2 expression. Scale bars: 20 ym and 10 ym. G: Statistical analysis of Nanos2"9" germ cell ratio in fox/2I"~ and foxI2I"~; dmrt1™~ fish. (n=4
foxI2I"~ fish and n=3 foxI2I""~; dmrt1~~ fish, ™": P<0.001 by unpaired two-tailed Student's t-test, mean+SEM).
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foxI2l"~ group. In the fox/2I"~ females, foxi2l was
predominantly expressed in germ cells within the germ cell
cysts (Figure 6A3). In the fox/2/”~ males, however, their
gonads were at the juvenile ovary stage, hindering oogenesis
and preventing the formation of IB stage oocytes (Figure 6A4).
Despite this developmental arrest, fox/2/ expression persisted
in cystic germ cells (Figure 6A4). In both the fox/2/"~ female
and male gonads, dmrt1 signals were faint in cells with strong
foxI2I expression (Figure 6A3, 4). In contrast, fox/2I"~ fish at
35 dpf showed almost no fox/2/ signals, which were replaced
by robust dmrt1 expression in the gonads (Figure 6A5). This
suggests that loss of fox/2l leads to up-regulation of the pro-
male gene dmrt1 at this stage. Additionally, gPCR analysis
was performed to measure the overall expression of fox/2/ and
dmrt1 in foxI2I"~ and fox/2/”~ fish at 35 dpf. Results revealed
significantly lower fox/2/ expression in fox/2I”~ fish compared
to both fox/2/~ males and females (Figure 6B). Conversely,
foxi2I~ fish exhibited significantly higher dmrt1 expression
compared to both fox/2/~ males and females (Figure 6B),
further corroborating the sm-FISH results. In summary, these
findings indicate that the up-regulation of dmrt1 in fox/2I"~ fish
results in premature spermatogenesis and an all-male
phenotype.

To further explore the role of dmrt1 in fox/2l-knockout
zebrafish, dmrt1-knockout zebrafish were established with a
23 bp insertion using CRISPR/Cas9, then crossed with fox/2/-
knockout zebrafish to obtain fox/2I”~; dmrt1~~ double mutants
(Supplementary Figure S2). The sex ratio of adult fish was
analyzed, revealing that while the WT sex ratio was normal, all
foxI2I~ fish developed as males (Figure 6C). Most dmrt1™~
fish developed as females, consistent with previous reports
(Lin et al., 2017; Webster et al., 2017). Interestingly, fox/2I";
dmrt1™" fish all developed as males, indicating that dmrt1
knockout cannot rescue the all-male phenotype observed in
foxI2l-knockout zebrafish.

Histological analysis was conducted on the gonads of
foxI2I~; dmrt17"~ fish (Figure 6C). While the testes of fox/2/"~
fish showed normal structure and regular spermatogenesis
(Figure 6D1), foxi2I"~; dmrt1™~ fish exhibited severe
developmental impairment of their gonads, despite their male
appearance (Figure 6D2). These gonads contained numerous
undifferentiated germ cells and only a few meiotic cells.
Immunofluorescence analysis was performed to detect the
expression patterns of Piwil1 and Sycp3 in foxi2I”~; dmrt17~
fish (Figure 6E). Compared to fox/2/”~ fish (Figure 6E1),
foxI2I"~; dmrt17" fish contained many Piwil1-positive cells with
one or two large clear nucleoli, characteristic of germline stem
cells (Figure 6E2). Only a small number of these cells showed
single-dot Sycp3 signals, indicating the absence of
synaptonemal complex formation and suggesting that the cells
were in the pre-meiotic stage. Immunofluorescence was also
applied to detect the expression of the germline stem cell
marker Nanos homolog 2 (Nanos2) in foxi2I"~; dmrt1™~ fish
(Figure 6F). In foxi2I~ fish, only a small proportion
(1.193%=+0.219%) of germ cells were strongly positive for
Nanos2 (Figure 6F 1), while the majority (95.080%+1.793%) of
germ cells in fox/2I™""; dmrt1™~ fish exhibited high Nanos2
expression (Figure 6F2, G). These results indicate that the
simultaneous loss of both fox/2] and dmrt1 prevents normal
germ cell differentiation, completely blocking both oogenesis
and spermatogenesis. Consequently, germ cells in the double
mutants remain in an undifferentiated state.
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Premature spermatogenesis in fox/2l-knockout zebrafish
was dependent on dmrt1

As described earlier, oogenesis was not restored and
spermatogenesis was arrested in the fox/2/™~; dmrt1™~ adult
fish. However, premature spermatogenesis was observed in
foxi2I~ fish during the early stages of gonadal differentiation.
To determine whether dmrt1 plays a role in this process, the
gonadal development of fox/2/™~; dmrt1~~ fish was monitored.

At 35 dpf, the fox/2/"~ fish had initiated spermatogenesis, as
evidenced by the presence of spermatocytes (Figure 7A1). In
contrast, the gonads of both fox/2/”~; dmrt1*~ and foxi2I";
dmrt1™~ fish remained undifferentiated and contained many
germline stem cells (Figure 7A2, 3). This indicates that dmrt1
is essential for the premature spermatogenesis observed in
foxI2I"~ fish.

By 45 dpf, the fox/2I"~ fish had completed spermatogenesis,
as evidenced by the presence of visible spermatozoa
(Figure 7B1). In the foxI2I"~; dmrt1*~ fish, spermatogenesis
had occurred, with spermatocytes detected, indicating that the
loss of one dmrt1 allele delayed the process of
spermatogenesis in fox/2”~ fish (Figure 7B2). However, in the
foxI2I"~; dmrt17" fish, the gonads remained undifferentiated
and filled with germline stem cells, with only a few cells
showing meiotic features, indicating severe spermatogenic
impairment (Figure 7B3).

At 120 dpf, the testes of fox/2I"~; dmrt1*"~ fish had reached
the same developmental stage as those of the fox/2"~ fish,
exhibiting similar testicular structures (Supplementary Figure
S3). However, the gonadal development in the fox/2I”;
dmrt1™" fish remained arrested at an undifferentiated state.
These findings indicate that premature spermatogenesis in
foxi2I~ fish is dmrt1-dependent, and that dmrt1 regulates
testicular development in a dosage-dependent manner.

DISCUSSION

Zebrafish have been extensively employed in the study of
germ cell biology and reproduction (Li & Ge, 2020; Wang
etal.,, 2023; Zhu & Ge, 2018). Zebrafish are considered
juvenile hermaphrodites, with most individuals initially forming
ovarian-like gonads, progressing through the juvenile ovary
stage, and eventually developing into functional ovaries or
testes (Luzio etal.,, 2021; Wang et al., 2007; Wilson et al.,
2024). During the juvenile ovary stage, germ cells undergo
mitosis to form germ cell cysts, which then proceed to meiosis
to become IA stage oocytes. In some individuals, IA stage
oocytes develop into IB stage oocytes after cyst breakdown,
assembling into PG stage follicles and eventually developing
into females. Conversely, in other individuals, IA stage
oocytes undergo apoptosis, allowing the development of
spermatogenic cells and leading to male differentiation. This
stage is considered the onset of sex determination and
differentiation in zebrafish. However, the mechanisms
regulating juvenile ovary formation in zebrafish remain largely
unknown. In this study, reverse genetic approaches were
employed to investigate the critical role of fox/2/ in zebrafish
gametogenesis and gonadal differentiation, with results
showing that fox/2/ acts as a germ cell-specific gatekeeper for
normal oogenesis (Figure 7C).

All foxI2I-knockout zebrafish developed into fertile males,
underscoring the importance of fox/2/ in female development.
Subsequent analysis indicated that these zebrafish did not
form ovarian-like structures during gonadal development and
instead underwent premature spermatogenesis. Previous
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Figure 7 Knockout of dmrt1 prevented premature spermatogenesis in fox/2l-knockout zebrafish

Histological analysis of gonads at 35 dpf. A1: fox/2I”~ gonads contained spermatogonia (SPG) and spermatocytes (SPC). A2, A3: Both fox/2I™;
dmrt1*'~ and foxI2I"~; dmrt17"~ gonads remained undifferentiated, filled with germline stem cells. Scale bars: 50 ym and 20 um. Histological analysis
of gonads at 45 dpf. B1: fox/2/"~ fish had completed spermatogenesis, producing spermatozoa (SPZ). B2: fox/2I"~; dmrt1*"~ gonads contained
spermatocytes. B3: fox/2/"~; dmrt1”~ gonads were filled with germline stem cells, with a few cells exhibiting meiotic features (arrowhead). Scale

bars: 100 ym and 20 ym. C: Schematic of the study.

studies have reported that the germ cell-specific transcription
factors figla and nobox are crucial for zebrafish sex
differentiation, with their loss resulting in an all-male
phenotype (Qin etal., 2018, 2022). While mutants of these
genes ultimately develop as males, their gonads still pass
through the juvenile ovary stage. During early gonadal
development, germ cells of these mutants differentiate into
stage |A oocytes before encountering obstacles in oogenesis,
which then leads to masculinization and the initiation of
spermatogenesis. In contrast, fox/2/-knockout zebrafish did not
form ovarian-like structures or differentiate into 1A stage
oocytes, but rather differentiated directly into type B
spermatogonia, initiating spermatogenesis (Figure 7C). These
findings demonstrate that fox/2/ is crucial for the formation of
juvenile ovaries in zebrafish, and its dysfunction disrupts
primary female differentiation.

Early entry into meiosis is a hallmark of female germ cell
development, as reported in WT Nadia zebrafish (Pan et al.,
2022). In the current study, we found that fox/2I"~ gonads
developed juvenile ovaries and exhibited meiotic cells at 20
dpf, whereas fox/2I"~ gonads lacked meiotic cells at the same
stage. This contrasts with findings in medaka, where knockout
of the fox/2I homolog, foxI3, produces differing meiotic
phenotypes in genetic females and males (Nishimura et al.,
2015). Notably, in genetic females, some fox/3-knockout germ
cells switch to a spermatogenic fate and enter meiosis
alongside oogenic cells, while in genetic males, fox/3-knockout
spermatogenic cells do not undergo meiosis at the same
developmental stage (Nishimura etal,, 2015). Previous
studies have indicated that germ cell meiosis is regulated by
testicular somatic cells through paracrine signaling pathways,
such as those involving retinoic acid (RA) (Crespo et al., 2019;
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Griswold et al., 2012; Rodriguez-Mari et al., 2013). In medaka,
the expression of sex-determining genes in gonadal somatic
cells predetermines the fate of these cells during sex
differentiation. However, in fox/2/™~ fish, gonadal somatic cell-
expressed genes showed no significant differences compared
to fox/2I'~ fish, suggesting that the germ cells in both
genotypes were exposed to a similar gonadal
microenvironment. This observation implies that meiosis entry
in spermatogenesis and oogenesis in zebrafish is regulated by
different factors, with fox/2/ being necessary for the initiation of
meiosis in oogenesis. Further in-depth research is required to
elucidate the mechanisms underlying this biological
phenomenon.

Given the observation of premature spermatogenesis in
foxI2l-knockout zebrafish, the role of fox/2] in inhibiting
spermatogenesis was further investigated. The activation of
dmrt1 in foxi2I"~ fish prompted the generation of fox/i2I”;
dmrt17"~ double mutants. In both fox/2I”~; dmrt1*"~ and foxI2I"'~;
dmrt1™~ fish, premature spermatogenesis was absent,
indicating that this process in fox/2l-knockout zebrafish is
dependent on dmrt1 function. Therefore, fox/2I may inhibit
spermatogenesis by suppressing dmrt1.

In medaka, fox/3 knockout does not result in complete
female-to-male sex reversal. XX fox/3-knockout medaka can
simultaneously undergo spermatogenesis and oogenesis
within the ovary, producing functional sperm and eggs
(Nishimura et al., 2015). This indicates that while fox/3 is not
essential for sex differentiation and oogenesis in medaka, its
loss disrupts oogenesis to some extent, which can be
compensated through alternative pathways to produce
functional eggs. In tilapia, the loss of fox/3 results in complete
female-to-male sex reversal, but in fox/3""; dmrt1™" tilapia,
oogenesis can be partially restored, suggesting the existence
of a fox/3-independent mechanism for oogenesis (Dai et al.,
2021). In our study, fox/2l-knock zebrafish were unable to
initiate oogenesis, and this process could not be restored in
foxI2I~; dmrt17"~ zebrafish. Instead, germ cells in these double
mutants remained in a germ line stem cell state, indicating that
the absence of both fox/2 and dmrt1 prevents germ cell
differentiation, thereby inhibiting both spermatogenesis and
oogenesis (Figure 7C). These findings strongly imply that
foxI2| serves as a critical gatekeeper of oogenesis in
zebrafish.

Understanding the essential role of fox/2/ in oogenesis and
sex differentiation provides valuable insights for advancing
surrogate broodstock technology in aquaculture. This
technology, which involves producing donor-derived gametes
from intraspecific or interspecific surrogate broodstock, is
recognized as one of the most promising precision breeding
methods in the field (Gui et al., 2022; Jin etal., 2021). Our
recent work demonstrated the successful production of edited
sperm from Gobiocypris rarus in zebrafish recipients using
optimized spermatogonial stem cell (SSC) transplantation
(Zhang etal.,, 2022). Despite these advances, challenges
remain in producing female fish and mature eggs via SSC
transplantation. Our findings on the role of fox/2] in oogenesis
suggest that the up-regulation of dmrt? in the testes inhibits
foxI2l expression, thereby preventing SSCs from entering
oogenesis. Future research will focus on inducing feminization
by overexpressing fox/2/ in SSCs and transplanting these cells
into PGC-depleted recipients to determine whether female fish
and functional eggs can be obtained, potentially providing a
theoretical basis for improving surrogate broodstock
technology in aquaculture.
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