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ARTICLE INFO ABSTRACT

Keywords: The spotted sea bass (Lateolabrax maculatus) is a highly valuable species in Chinese aquaculture, yet its gonadal
Spotted sea bass development remains poorly understood. This study employed histology, RNA-Seq, and whole genome bisulfite
Hismlo@’ sequencing (WGBS) to investigate early gonadal differentiation. Histological analysis revealed that testicular
I/Ir:tnl:;lr;l:r: :me differentiation commenced before 120 days post-hatching (dph), while ovarian differentiation appeared before

180 dph. Transcriptomic profiling at 90, 120, 180, and 250 dph identified male-biased DEGs (e.g., star, prom2,
igfbp2a, dmrtl1, gsdf) and female-biased DEGs (e.g., slco4al, adma, prxi2a, foxI2, id2), suggesting their involve-
ment in testis and ovary formation, respectively. Thirty-one hub genes showed a sustained increase in expression
during both testis and ovary differentiation, enriched in pathways such as ribosome biogenesis, RNA polymerase,
spliceosome, and cytosolic DNA-sensing indicating roles in somatic and germ cell development. WGBS analysis at
180 dph showed that steroid hormone synthesis and transport pathways were associated with DNA methylation.
Moreover, six genes (actal, cacnb4, crabp2, dfna5, app1, and hoxb3a) exhibited significant methylation differ-
ences between testes and ovaries, with expression levels negatively correlated with methylation. These genes
may serve as key epigenetic targets during gonadal differentiation. Collectively, this study provides a compre-
hensive overview of transcriptional and epigenetic mechanisms driving early gonadal differentiation in spotted
sea bass, offering new insights into sex differentiation in teleosts.

Gonadal differentiation

1. Introduction

Sex regulation in fish is critically important in aquaculture, as sexual
dimorphism can markedly influence production efficiency (Li et al.,
2022). Increase the proportion of the advantageous sex through sex
regulation, is recognized as a strategy to substantially enhance aqua-
culture yield and provide considerable economic benefits. Furthermore,
teleost fish, as the largest group of vertebrates, display highly diverse
mechanisms of sex determination and gonadal differentiation. Conse-
quently, extensive studies have been conducted on the sex determina-
tion and differentiation in teleosts (Ortega-Recalde et al., 2020). In
recent years, the development of transcriptome sequencing has signifi-
cantly advanced research on sex differentiation mechanisms (Tao et al.,
2018). Time-course transcriptomic analyses have been widely applied in
various teleost species, revealing dynamic gene expression differences
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between testes and ovaries and identifying key regulatory genes. For
example, in yellow catfish, several female-biased genes (cypl9ala,
aurka, plkl) and male-biased genes (amhr2, sox9a) were identified
through multi-stage transcriptome analysis of samples collected before
gonad differentiation (3 days post-hatching (dph)), during gonad dif-
ferentiation (13 dph for females and 54 dph for males), and after gonad
differentiation (90 dph) (Gao et al., 2022). These genes play important
roles in the early differentiation and maintenance of ovaries or testes. In
common carp (Cyprinus carpio), male-specific DEGs including dmrt1,
amh, hmga2, sox3, dmrt2, wnt2b, and wnt9b, and female-biased DEGs
including foxI2, cyp19ala, zp3, zp4, and gperl were identified (Wang
et al., 2023). The analysis of gene expression patterns during gonadal
differentiation through transcriptomics could help uncover the sex
regulation network of the species.

For transcriptional regulation, epigenetic mechanisms, have gained
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increasing attention for their roles in sex determination and gonadal
differentiation. As a widespread epigenetic modification in vertebrates,
DNA methylation influences gene expression and thereby contributes to
the formation of sexual phenotype. For example, in mice, the expression
of the sex-determining gene Sry is closely associated with the methyl-
ation status of its promoter (Tachibana, 2015). Studies in zebrafish have
also found that DNA methylation reprogramming plays a crucial role in
germ cell development and the female-to-male sex reversal process
(Wang et al., 2021). Moreover, DNA methylation is critically involved in
the sex determination processes in various teleost fish such as
half-smooth tongue sole (Chen et al., 2014), European seabass
(Navarro-Martin et al., 2011), and spotted gar (Wang et al., 2022).
Research on European sea bass (Dicentrarchus labrax) suggests that the
expression of aromatase (coded by cyp19ala) could be regulated by DNA
methylation of its promoter, which, in turn, influences sex determina-
tion (Navarro-Martin et al., 2011). In half-smooth tongue sole, studies
have shown that DNA methylation associated with the entire sex
determination network, not just a few genes involved in sex reversal
(Shao et al., 2014). Moreover, studies using whole-genome bisulfite
sequencing (WGBS) have revealed significant sex-specific methylation
differences in species such as large yellow croaker, tilapia, and Pacific
oyster (Crassostrea gigas) (He et al., 2020; Yao et al., 2022; Sun et al.,
2024), indicating the conserved regulatory role of DNA methylation in
sex determination and differentiation.

The spotted sea bass (Lateolabrax maculatus) is one of the most
economically valuable species in Chinese aquaculture industry, with a
production exceeding 240,000 tons last year. According to the records
from production practice, a significant female-biased sexual size
dimorphism was observed in spotted sea bass, making sex control in-
terventions critical for its yield. However, current research on spotted
sea bass related to sex is mainly focused on the expression patterns of a
few sex-related genes (Li et al., 2021), with a lack of systematic studies
on the mechanisms of gonadal differentiation. In this study, histological
observation of gonads at multiple developmental stages was used to
identify the key stage of gonadal differentiation in spotted sea bass.
Subsequently, RNA-Seq analyses were conducted on the gonads of
spotted sea bass at 90 dph (before gonad differentiation), 180 dph
(during gonad differentiation), and 250 dph (after gonad differentia-
tion). Due to the lack of sex-discrimination genetic marker in spotted sea
bass, early sex identification is challenging. Therefore, we established an
all-female population and a nearly all-male population (males ac-
counting for 98 %), respectively, and their gonadal transcriptomic
profiles at 120 dph and 180 dph (key timeframe for testis/ ovary dif-
ferentiation) were compared to better investigate the molecular differ-
ences between male and female during early gonadal differentiation
periods. Additionally, WGBS was performed on testes and ovaries in
spotted sea bass at 180 dph, generating a comprehensive DNA methyl-
ation map of the gonads, which facilitated exploration of the epigenetic
differences between early-stage testes and ovaries and their regulatory
effects on gene expression. These investigations will enhance our un-
derstanding of early gonadal differentiation in spotted sea bass, and
facilitate to elucidate the mechanisms of sex differentiation and devel-
opment, which support the identification of genes associated with sex
determination and gonadal differentiation.

2. Material and methods
2.1. Fish rearing conditions and treatment

Fish rearing. Fresh fertilized spotted sea bass eggs (200 g) were
collected from the Shuangying Aquatic Seedling Co., Ltd. (Lijin, Shan-
dong, China) and divided into the four 10 m® (2 x5 x1) concrete pools,
evenly. Eggs hatched at 17-18 °C for spotted sea bass spawning, and
each pool was filled with sea water under the following conditions:
dissolved oxygen > 7 mg/ L and salinity 30 + 2, with 14:10 h light-dark
photoperiod. During the experiments process, fish were fed with
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commercial diet (2 % of body weight) twice daily (8:00 AM and 5:00
PM). Considered the habit of cannibalism, before 90 dph, twice
screenings for weight had been performed. The fish with smaller sizes
were used for estrogen treatment.

Estrogen treatment. The 4000 fish were divided into control groups
(Ep-control) and estrogen treated group (Ep-treatment), while the
average body weight and total length of fish were reached approxi-
mately 2 g and 5 cm (90 dph), respectively. The experimental diets were
infused with estradiol (E3) at a concentration of 10 mg/kg and were
prepared following the alcohol evaporation method (Navarro-Martin
et al.,, 2011). The control diet was treated with 95 % ethanol only.
Alcohol was left to evaporate and the different diets were stored at 4 °C.
The experiment fishes were fed at 2 % of body weight twice daily. The
treatment was applied from 90 dph (average body weight ~2 g, total
length ~5.5 cm) until 180 dph, followed by normal feeding. The specific
sampling design is shown in Supplementary Figure S1A.

2.2. Sample collection

Gonadal samples were collected at 90 dph (N90 group), 180 dph
(N180 group), 250 dph (N250 group), and 360 dph (N360 group).
Meanwhile, Gonadal samples were collected at 120 dph (E120 group)
and 180 dph (E180 group) from both the estrogen-treated and control
groups. At 250 dph, sex identification was performed on individuals
from the estrogen-treated group and the control group through histo-
logical observations, and the sex ratio was calculated. The estrogen-
treated group yielded 100 % females, while the control group had
98 % males. Therefore, gonadal samples from the estrogen-treated group
were collected as ovaries (E120/E180 O), and samples from the control
group were collected as testes (E120/E180 T) for subsequent experi-
ments (Supplementary Figure S1B). Due to the small size of the gonadal
tissues at 90 and 120 dph, independent sampling was hard. Since the
gonads were attached to the swim bladder, mixed samples of the gonads
and swim bladder (Supplementary Figure S1C) were collected for sub-
sequent histological sectioning and transcriptome sequencing. This
sampling method has been used in multiple studies and is considered not
to affect the differential expression levels of key genes involved in
gonadal differentiation (Wang et al., 2022). Fishes were treated with
tricaine methane sulfonate (MS-222, 200 mg/L) and sampled immedi-
ately. Gonad tissues were collected, one stored at —80 °C for RNA or
DNA extraction, and the other fixed with 4 % paraformaldehyde solution
for 24 h and keep storage in 70 % ethanol for histological observation.
Sample collection details were supplemented in Supplementary
Table S1.

2.3. Histological observation of gonad

The fixed samples underwent dehydration through a graded ethanol
series (70 %, 80 %, 95 %, and 100 %), vitrified with a mixture of xylene
and ethanol (1:1) and pure xylene, then embedded in paraffin. Thin
sections, 5 um in thickness, were sliced using a sliding microtome
(LEICA-RM201). The paraffin-embedded sections were dewaxed with
xylene and ethanol before being stained with hematoxylin and eosin
(HE). Images were obtained using an OLYMPUS BX53 microscope.

2.4. RNA-seq library construction and data preprocessing

Total RNA was extracted from the gonadal tissues of spotted sea bass
using the MiPure Cell/Tissue miRNA Kit (Vazyme, Nanjing, China). The
RNA quantity and integrity were assessed using Bioanalyzer 2100
(Agilent, CA, USA). A total of 26 mRNA sequencing libraries were
constructed in accordance with the protocol of the NEBNext® UltraTM
RNA Library Prep Kit for Illumina® (NEB, USA). The detailed summary
of sample numbers were listed in Supplementary Table S1. Then the
library was sequenced on an Illumina Novaseq 6000 platform and
150 bp paired-end reads were generated. The transcriptome data have
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been deposited in the NCBI SRA database under accession number
PRJNA1273718.

The data assessment and filtration performed using FastQC (v0.11.9)
and Cutadapt (v1.9) software, respectively. The clean reads were then
aligned to the spotted sea bass reference genome (PRINA408177) using
HISAT2 (v2.0.4), with gene locations determined based on genome
annotations. Gene expression levels were quantified as transcripts per
kilobase million (TPM) for clustering analysis using StringTie (v1.3.4d)
and extracted with the Ballgown package (v2.26.0).

2.5. Identification and function analysis of differential expressed genes
(DEGs)

The reads count was obtained by using StringTie (v1.3.4d). DEGs
among the ovary and testis comparison identified by DESeq2 package
(v1.34.0), with the significant threshold was setted as |log2foldchange|
>1 and p < 0.05. In addition, for 120 dph samples, edgeR (v3.36.0) was
used for DEGs identification. Gene Ontology analysis (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis was performed by using KOBAS (http://bioinfo.org/kobas/
genelist/). The clustering analysis of gene expression profiles in testes
and ovaries at different developmental stages was performed using
Mfuzz (v 2.66.0). Protein-Protein interaction (PPI) network construction
and hub gene identification using the STRING online platform (htt
ps://string-db.org/).

2.6. qPCR analysis

Total RNA was extracted from six ovaries and six testes of one-year-
old spotted sea bass using TRIzol Reagent (Invitrogen, CA, USA),
following the manufacturer’s instructions. The concentration and purity
of the isolated RNA wereassessed using a BD1000 nucleic acid analyzer
(OSTC, China) and verifed by 1.5 % agarose gel electrophoresis. Reverse
transcription and target gene amplification were performed usimg the
SPARKseriptRT Plus Kit (With gRNA Eraser) kit (Spaklade, China) and
2xSYBRGreen qPCRMix kit (Sparkclade, China). The primer sequences
were listed in Supplementary Table S2 and were designed and synthe-
sized by Sangon Biotech (Shanghai, China). qPCR was conducted using
the 2 xSYBRGreen qPCR Mix kit (SparkJade, China) in accordance with
the protocol provided by the manufacturer. The reaction system had a
final volume of 10 pl, consisting of 2 pl of ¢cDNA template, 5 pl of
2 xSYBRGreen qPCR Mix, 0.2 pl of forward primer, 0.2 pl of reverse
primer, and 2.6 pl of double-distilled water. The cycling parameters
were as follows: an initial denaturation step at 94 °C for 2 min, followed
by 40 cycles of 94 °C for 5 s and 60 °C for 30 s. Relative gene expression
levels were determined using the 2722t method, with 18S rRNA serving
as the internal control for normalization.

2.7. WGBS library construction and sequencing

The gDNA was extracted using TIANamp Genomic DNA Kit (TIAN-
GEN, Beijing, China). The concentration and quality of gDNA were
determined by a Biodropsis BD-1000 nucleic acid analyzer (OSTC, Bei-
jing, China) and electrophoresis in 1 % agarose gel. A total of 6 WGBS
libraries were constructed from gDNA of gonad tissue (3 ovaries and 3
testes collected in N180 group; Supplementary Table S1). The gDNA was
fragmented using Covaris S220 (Covaris, USA) and then treated with
Bisulfite. Then, methylation sequencing adapters ligation, size selection
and PCR amplification steps were performed to the DNA fragments using
the library kit (Accel-NGS Methyl-Seq DNA Library Kit; Swift, USA).
Subsequently, library quality was assessed on the Agilent 5400 system
(Agilent , USA) and quantified by qPCR (1.5 nM). Pair-end sequencing
of sample was performed on Illumina platform (Illumina, USA). The
WGBS data have been deposited in the NCBI SRA database under
accession number PRINA1274629.
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2.8. Differentially methylated analysis and genomic annotation

We used Fastp (v0.23.1) to perform basic statistics and filtration on
the quality of the WGBS raw reads as follows: (1) Discard a paired reads
if either one read contains adapter contamination;(2) Discard a paired
reads if more than 10 % of bases are uncertain in either one read;(3)
Discard a paired reads if the proportion of low quality (Phred quality
<5) bases is over 50 % in either one read. Clean reads were aligned to
the reference genome of spotted sea bass (PRJINA408177) and the
methylation were extracted using Bismark (v0.24.0). Differentially
methylated regions (DMRs) were identified using the DSS software. The
regions with a p-value less than 0.05, average methylation level differ-
ence between groups greater than or equal to 0.2, and at least three CpG
sites were retained as a final DMR. Genes associated with DMRs, referred
to as DMGs (differentially methylated genes), are defined as those whose
gene body region (from TSS to TES) or promoter region (within 2 kb
upstream of the TSS) overlaps with the DMRs.

3. Results
3.1. Histological observation of the gonads

Histological section results showed that at 90 dph, only primordial
germ cells (PGCs) and somatic cells were observed, indicating undif-
ferentiated gonads (Fig. 1a). At 120 dph, the presence of PGCs and so-
matic cells was also noted, but in the estrogen-control group (E Testis),
the appearance of the sperm duct in the testes was observed, marking
the first anatomical sign of gonadal differentiation in spotted sea bass
(Fig. 1b). Meanwhile, the ovarian cavity was observed in the estrogen-
treated group (E Ovary) at 120 dph (Fig. 1c). By 180 dph, both the
sperm duct and ovarian cavity had further expanded, with the spawning
plate beginning to form. PGCs had differentiated into spermatogonia
and oogonia, though the morphology of these cells remained indistin-
guishable at the histological level (Fig. 1d-g). Additionally, in the
estrogen-treated group, the connective tissue in the ovaries had signif-
icantly thickened compared to untreated ovaries (Fig. le and g). The
location of the connective tissue in the gonads could also indicate the
different sex. In the testes, the connective tissue was located on one side,
with germ cells concentrated on the opposite edge (Fig. 1b, d, f, h, and ).
In the ovaries, germ cells were centrally located and surrounded by
connective tissue (Fig. 1c, e, g, i, and m). By 250 dph, spermatogonia and
oogonia had further proliferated, their numbers significantly increased,
the formation of seminiferous tubules had begun, and the spawning
plate extended into the ovarian cavity (Fig. 1h and i). At 360 dph, the
testes and ovaries displayed clear morphological differences; the testes
were elongated and flattened, while the ovaries were plump and
rounded (Fig. 1j and k). Histological examination also revealed the
presence of numerous primary oocytes in the ovaries, while spermato-
gonia remained dominant in the testes (Fig. 11 and m).

3.2. Sex-biased genes expression during gonadal differentiation in spotted
sea bass

In this study, a total of 170.68 Gb of raw data were obtained from 26
samples (Supplementary Figures S2A), and the summary statistics were
list in Supplementary Table S3. 17,448, 21,095, 23,180 and 22,413
expressed genes were in testis vs ovary of E120 , E180, N180 and N250
spotted sea bass, respectively (Supplementary Figure S2B). KEGG
enrichment analysis of DEGs across various developmental stages of
gonads revealed that “Metabolic pathways” was significantly enriched
in all four groups. Additionally, pathways such as “Vascular smooth
muscle contraction”, “Cardiac muscle contraction”, “ECM-receptor
interaction”, “Wnt signaling pathway”, and “Regulation of actin cyto-
skeleton” were notably enriched in the E120, E180, and N180 groups,
indicating their crucial roles in the early gonadal differentiation of
spotted sea bass. In addition, in the N250 group, differentially expressed
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Fig. 1. Histological observation during gonadal differentiation in spotted sea bass. (a) Histology of bipotential gonad at 90 dph; (b) Histology of testes at 120
dph in estrogen control group; (c) Histology of ovaries from estrogen-treated group at 120 dph; (d) Histology of testes in estrogen control group at 180 dph; (e)
Histology of ovaries in estrogen treated group at 180 dph; (f) Histology of testes at 180 dph; (g) Histology of ovaries at 180 dph; (h) Histology of testes at 250 dph; (i)
Histology of ovaries at 250 dph; (j) Appearance of testes in 360 dph; (k) Appearance of ovarian in 360 dph; (1) Histology of testes at 360 dph; (m) Histology of ovaries
at 360 dph. CT: Connective tissue; ED: Efferent duct; LC: Lobular cavity; OC: Ovarian cavity; OG: Oogonia; OL: Ovigerous lamellae; PO: Primary oocyte.

genes in the gonads were enriched in pathways such as the “p53
signaling pathway”, “Cell cycle”, “Oocyte meiosis”, and “Progesterone-
mediated oocyte maturation”. This suggests that the molecular aspects
of meiosis are already occurring in the ovaries of spotted sea bass at 250
dph, well before they can be observed at the histological level
(Supplementary Figure S2C).

Association analyses of differentially expressed gonadal genes across
four developmental stages identified 52 genes (Cluster D-1) with sig-
nificant, consistent, and sex-biased expression (Supplementary
Figure S3A; Supplementary Table S4). Moreover, 184 genes (Cluster D-
2) maintained high sexually biased expression from 180 dph onward
(Supplementary Figure S3A; Supplementary Table S4). In the E120
group, ovaries exhibited a markedly higher expression of genes
compared to testes (Supplementary Figure S3B), likely reflecting a rapid
response to estrogen. Differential expression analysis between estrogen-
treated (E180 O) and untreated ovaries (N180 O) at 180 dph revealed
2450 genes significantly upregulated in treated ovaries, versus 1846 in
untreated ovaries (Supplementary Figure S3C). Venn diagram analysis
indicated that 22 genes in Cluster D-1 may exhibit premature differential
expression at 120 dph due to estrogen exposure (Supplementary
Figure S3D). This study further categorized differentially expressed
genes within Clusters D-1 and D-2 into six types. The type I genes rep-
resented by star, prom2, and igfbp2, displayed significant high expression
in the testes from 120 dph, with a rising trend over time and consistently
low expression levels in ovaries across multiple periods (Fig. 2a). The
type II genes exemplified by Ipl, marckslla, and pppIrlb, also showed
significant high expression in the testes from 120 dph, with a stable
differential expression ratio compared to ovaries (Fig. 2b). The type III
genes including cabplb, loxhdlb, and tpm2, exhibited significantly

higher expression in ovaries from 120 dph, particularly in the E180
group compared to the N180 group, suggesting that the higher expres-
sion levels in the ovaries at 120 dph might be directly induced by es-
trogen (Fig. 2c). The type IV gene represented by slco4al, adma, and
prxl2a, also displayed significant ovarian high expression from 120 dph,
with no notable differences between N180 and E180 groups (Fig. 2d).
The type V gene includes dmrtl and gsdf, known male sex-determining
genes, which were differentially expressed in the gonads from 180
dph onwards, maintaining high expression levels in testes (Fig. 2e). The
type VI gene comprising foxI2 and id2, known female sex-determining
genes, were also differentially expressed in the gonads from 180 dph
onwards, consistently showing high expression in ovaries (Fig. 2f). To
validate the accuracy of the RNA-seq data, we performed gqPCR to
examine the relative expression levels of four key genes, including star,
dmrtl, slco4al, and prxI2 (Fig. 2g). The expression levels of star and
dmrt1 were significantly higher in testes than in ovaries, whereas slco4al
and prxl2a showed much higher expression in ovaries than in testes.
These qPCR results were consistent with the RNA-seq findings.

3.3. Identification of key genes and pathways involved in gonadal
development

As shown in Supplementary Figure S3, genes in clusters T-1 and T-2
were highly expressed in testes at N90 and E120 group, respectively,
relative to other testicular stages. Similarly, genes in clusters O-1 and
clusters O-2 exhibited high expression levels in ovaries at N90 and E120
group, respectively, compared to other ovarian samples (Supplementary
Figures S4). Since tissue samples collected at 90 and 120 dph included
non-gonadal components, genes highly expressed at these stages might
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Fig. 2. Expression pattern of consistently sex-biased expressed DEGs. (a). The expression pattern of type I genes; (b). The expression pattern of type II genes; (c). The
expression pattern of type III genes; (d). The expression pattern of type IV genes; (e). The expression pattern of type V genes; (f). The expression pattern of type VI
genes; (g). The relative expression levels of key genes varified by qPCR. O: ovary; T: testis.
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reflect contributions from other tissues. Therefore, our analysis focused
on genes highly expressed at 180 and 250 dph. The genes of Cluster O-3
and Cluster O-4 were highly expressed in the ovary of E180 and N180
group (Supplementary Figure S4 and Figure S5B). Unlike the ovary,
testis samples from E180 and N180 group showed minimal differences,
and genes in cluster T-3 were highly expressed in both E180 and N180
testes (Supplementary Figure S5A). By intersecting clusters T-3 and O-4,
a total of 841 genes were identified as being significantly upregulated in
gonads (both testes and ovaries) at 180 dph (Supplementary
Figure S5C). These genes were significantly enriched in pathways such
as proteasome, intestinal immune network for IgA production, phag-
osome, and NF-kappa B signaling pathway (Supplementary Figure S5D).
Additionally, the intersection of clusters T-4 and O-5 (Supplementary
Figure S6A and S6B) yielded 1460 genes that were highly expressed in
250 dph gonads of spotted sea bass (Supplementary Figure S6C), with
significant enrichment in pathways including neuroactive ligand-
receptor interaction, cAMP signaling pathway, and synaptic vesicle
cycle (Supplementary Figure S6D).

Notably, genes in Cluster O-6 and Cluster T-5 exhibited progressively
increased expression levels along with the developmental progression of
ovaries and testes, respectively (Figs. 3a and 3B), suggesting their po-
tential key roles in gonadal development. Among these two clusters,
1335 genes were found to be shared, indicating their sustained func-
tional involvement in gonadal development (Fig. 3C). A total of 31 hub
genes were identified from these shared genes through protein-protein
interaction (PPI) analysis, including gnl3, polr3f, polrld, and ddx5,
among others (Fig. 3D). These hub genes were primarily enriched in
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pathways such as ribosome biogenesis in eukaryotes, cytosolic DNA-
sensing pathway, RNA polymerase, and spliceosome (Fig. 3E). In addi-
tion, genes in Cluster O-7 exhibited markedly lower expression specif-
ically in the E180 group, which may be attributed to estrogen-mediated
suppression. In contrast, the expression patterns of genes in Cluster O-8
and Cluster T-6 did not appear to exhibit biologically meaningful trends
and were therefore excluded from further analysis (Supplementary
Figures S4).

3.4. Identification of differentially methylated cites (DMC) and
differentially methylated region (DMR)

Quality control of raw data and results from the alignment of valid
data to the reference genome (Supplementary Table S6) showed that six
libraries of WGBS generated a total of 132.62 Gb of raw data, with valid
data amounting to approximately 122.45 Gb. Using the Bismark soft-
ware, methylation sites in each sample were identified through complex
alignment (Supplementary Table S7, Supplementary Figure S7A),
revealing that the proportion of methylated cytosine (C) sites in the
gonads of spotted sea bass was around 6 %, with methylation rates of
CpG sequences ranging from 71.8% to 76.0 %. In contrast, the
methylation rates for CHG and CHH sequences were approximately
0.3 % each. Additionally, analysis of the proportion of methylation types
(Supplementary Figure S7B) showed that CpG methylation was the
predominant type in the gonads, accounting for 94.2 % of all methyl-
ation, whereas CHH and CHG types constituted only 4.2 % and 1.5 %,
respectively.

Cluster T-5 Cluster O-6
Ao b < Cluster T-5
[N o o
2 o Cluster O-6
® © | € )
£ o ® s
o <
= 2 (3] ol
o ° So
B O -2 3170 | 1335 | 2705
=R [/ B
- n <
Q o 44
x = 7 E‘ <1
w [to) w
S i )
r T T T u : r T T T T
N9O T E120T E180T N180T N250T N90OO E1200 E1800 N1800 N2500
Time Time
d i WSS YT € dhxts
noc4l bxdc2 ddx5 J
y Spliceosome| |®
P ddx47 poirte [ P -log10(g-value)
krr1
nop9 poirid 75
ngdn RNA polymerase o
polrie 5.0
polr1d polr3f 25
nvl : :
B i . Cytosolic DNA-sensing pathwayl ([ ]
,391 wdr36 l Count
polr3f
ddx52 /. rrp7a l . 6
rpf2 B imp4 [ Ribosome biogenesis in eukaryotes o ® 2
utp6 utp6 .
ddx51 . 3
gni3 A gni3 .
aanss - o 0.05 0.10
rshd1 ypg dhx15 Rich Factor

Fig. 3. Continuously upregulated genes in both testes and ovaries during gonadal differentiation. (a) The genes in cluster T-5 were continuously upregulated in testes
during gonadal differentiation; (b) The genes of Cluster O-6 continuously upregulated in ovary during gonadal differentiation; (c) Venn diagram showed the shared
genes between testis and ovary (d) The Protein-protein interaction (PPI) network of shared genes; (e¢) KEGG enrichment of hub genes.
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Compared to ovaries, 6834 hypermethylated positions and 6075
hypomethylated positions, along with 255 hypermethylated regions and
209 hypomethylated regions, were identified in testes (Supplementary
Figure S7C). Overall, testes exhibited a slightly higher number of
hypermethylated positions and regions than ovaries. Most differential
methylation regions were located in intergenic areas and promoter re-
gions, accounting for about 30 % each, with hypermethylated regions
more frequently found in intergenic areas in testes and in promoter re-
gions in ovaries (Supplementary Figure S7D).

3.5. Function analysis of DMGs between testis and ovary

Given that promoter regions are critical for the functional implica-
tions of methylation, differentially methylated regions located in gene
promoters were mapped to the spotted sea bass genome. This mapping
revealed 106 differentially methylated genes between testes and ovaries,
with 47 exhibiting higher methylation levels in testes and 59 in ovaries.
Subsequently, functional enrichment analysis was conducted on these
differentially methylated genes (DMGs). GO enrichment analysis
revealed that the top 20 significant terms for differentially methylated
genes included two Molecular Function entries: cation transmembrane
transporter activity and syntaxin-1 binding; five Cellular Component
entries such as plasma membrane, integral component of membrane,
and endocytic vesicle; and 13 Biological Process entries including
negative regulation of the transforming growth factor beta receptor
signaling pathway, ubiquinone biosynthetic process, and receptor-
mediated endocytosis (Fig. 4a). KEGG enrichment analysis identified
four significantly related pathways enriched among differentially
methylated genes: Adrenergic signaling in cardiomyocytes, Cardiac
muscle contraction, SNARE interactions in vesicular transport, and the
Notch signaling pathway (Fig. 4B).

3.6. Integrative analysis of WGBS and RNA-seq

By integrating the analysis of DMGs and DEGs between the testis and
ovary of spotted sea bass (Fig. 5a), six intersecting genes were identified.
The hoxb3a gene was highly expressed in the ovary, with lower
methylation levels compared to the testis (Figs. 5B and 5C). In contrast,
genes such as actal, cacnb4, crabp2, dfna5, and appl exhibited higher
expression in the testis and lower methylation relative to the ovary
(Figs. 5B and 5C). These differential expression patterns between the
testis and ovary are likely mediated by DNA methylation.

4. Discussion

Gonadal differentiation is a tightly regulated and complex develop-
mental process in gonochoristic vertebrates. During early development,
sex determination initiates two mutually exclusive gonadal differentia-
tion pathways, eventually differentiating into testes and ovaries (Herpin
and Schartl, 2011; Ungewitter and Yao, 2013; Lobo et al., 2020).
Therefore, previous studies have primarily focused on the molecular
networks underlying the differences between males and females, often
overlooking the common regulatory genes and pathways involved in
gonadal development. To elucidate the sex-specific and shared gene
networks and molecular mechanisms during gonadal development and
differentiation of spotted sea bass, this study integrated histological,
transcriptomic, and whole-genome methylation sequencing data. This
comprehensive approach provides a detailed description of early
gonadal development and differentiation in spotted sea bass, including
gonadal morphology, sex-biased and shared gene expression, and DNA
methylation patterns (Fig. 6). The annotations of all the genes in this
study are listed in Supplementary Table S8.

4.1. Histological insights into gonadal differentiation in spotted sea bass

At the histological level, gonadal differentiation in fish includes
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anatomical and cytological aspects. Anatomical differentiation refers to
changes in tissue morphology such as the formation of ovarian cavities,
sperm ducts, and blood vessels, while cytological differentiation is
marked by the commencement of meiosis in germ cells (Hayman et al.,
2021; Yu et al., 2023; Zhao et al., 2017). In this study, the gonads of
spotted sea bass remained undifferentiated at 90 dph. At this stage, es-
trogen treatment was sufficient to induce ovarian development
(Supplementary Figure S1B), indicating that sex differentiation was still
highly plastic at this point. By 120 dph (E120 group), the formation of
the ovarian cavity-a anatomical marker of ovary differentiation-could be
observed. However, in normally developing ovaries, the formation of
the ovarian cavity and ovigerous lamellae was not observed until 180
dph, suggesting that estrogen treatment accelerated the process of
ovarian differentiation. Concurrently, the formation of sperm ducts was
observed in the testes at 120 dph, marking the onset of gonadal
anatomical differentiation in spotted sea bass. These findings suggest
that testicular differentiation occurs earlier than ovarian differentiation
in spotted sea bass. Oocytes were first observed at 360 dph, representing
the initial sign of cytological differentiation in the gonads of spotted sea
bass. The later timing of gonadal differentiation in spotted sea bass
presents greater challenges in studying the mechanisms of sex deter-
mination and gonadal differentiation compared to other species like the
Chinese tongue sole (Lin et al., 2021) and small yellow croaker (Lar-
imichthys polyactis) (Yang et al., 2021), where the first signs of
anatomical differentiation are observed within 60 dph.

4.2. Key insights into gonadal development and sex differentiation in
spotted sea bass based on transcriptomic analysis

In addition, we found that nearly 100 % all-male populations of
spotted sea bass (E2-control group) could be obtained through size-
based screening, while treatment with estrogen resulted in the devel-
opment of 100 % all-female populations (Supplementary Figure S1B).
This capability allows for the prediction of phenotypic sex prior to
gonadal differentiation and provides valuable experimental material for
investigating early gonadal development and sex differentiation in
spotted sea bass. Transcriptomic analyses of spotted sea bass gonads at
five developmental group (B90, E120, E180, N180 and N250) were
conducted to characterize gene expression patterns during gonadal
differentiation. KEGG enrichment analysis revealed that differentially
expressed genes between male and female gonads at all four stages were
enriched in metabolic pathways, possibly linked to the sexual dimor-
phism in growth (Bhatta et al., 2012) or mediating asynchronous
development of gonads (Wang et al., 2019). Differential expression of
the Star gene at 120 dph in both male and female gonads suggests
activation of the steroidogenesis pathway (Galano et al., 2021). Sex
hormones not only regulate gonadal development (Morohashi et al.,
2013) but also play a crucial role in organismal growth and development
(Meyer, 2001; Duncan et al., 2023), potentially contributing to early
growth dimorphism between male and female spotted sea bass.

Two type genes (Type I and Type II) were identified, consistently
showing male-specific high expression in gonad post 120 dph and 180
dph, respectively. These two groups of genes consistently exhibited high
expression levels in the testes across multiple developmental stages,
suggesting their critical roles in testicular differentiation in spotted sea
bass. Recent evidence from our related studies suggests that estrogen
may promote ovarian differentiation through receptor-mediated tran-
scriptional regulation (Feiyan et al., 2025). Specifically, estrogen ap-
pears to upregulate the expression of key ovarian transcription factors
such as foxI2 and foxI2l via distinct estrogen receptors. These tran-
scription factors are known to play central roles in female gonadal dif-
ferentiation by regulating the expression of downstream genes involved
in ovarian development and function. This receptor-dependent activa-
tion of a regulatory cascade may partially explain the accelerated
ovarian differentiation observed upon exogenous estrogen exposure.
Therefore, considering that the ovaries in the E120 group were obtained
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from estrogen-treated individuals, and that some genes may have been
prematurely upregulated in the E120 ovaries (Xie et al., 2021; Huang
et al., 2019), even though they might not yet show differential expres-
sion in normally developing ovaries at the same stage. Therefore, we
compared the ovaries from the E180 and N180 groups to classify genes
that were consistently upregulated during normal ovarian development.
Genes such as slco4al, adma, and prxl2a consistently exhibited high
expression levels in the ovaries of spotted sea bass, and their expression
was not significantly upregulated following estrogen treatment. This
suggests that one or more of these genes may play a crucial role in the
early stages of sex differentiation in spotted sea bass. Furthermore, we
found that a subset of genes plays important roles in both testicular and
ovarian development. Representative genes such as gnl3, polr3f, and
ddx5, along with KEGG pathways such as ribosome biogenesis in eu-
karyotes, cytosolic DNA-sensing pathway, play important roles in the
early development of both testes and ovaries. Ribosome biogenesis in

eukaryotes is typically associated with cell growth and differentiation
(Quiroga-Artigas et al., 2022). In triploid Crassostrea gigas, reduced
ribosome biogenesis impairs germline stem cell differentiation (Yang
et al., 2024). The cytosolic DNA-sensing pathway plays an important
role in apoptosis (Zheng et al., 2023). Since both testis and ovary
development involve extensive proliferation, growth, and differentia-
tion of somatic and germ cells, the sustained upregulation of these hub
genes may be critical in this process.

4.3. DNA methylation and gene regulation in gonadal differentiation of
spotted sea bass

Genomic DNA methylation and demethylation can regulate gene
expression and participate in sex determination and gonadal differen-
tiation in vertebrates. In the half-smooth tongue sole, significant dif-
ferences in the methylation levels of the dmrtl promoter were observed
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Fig. 6. Diagram of the gonadal differentiation pattern of the spotted sea bass.

between ZZ males and ZW females, and the DNA methylation levels in
ZW males induced by high temperatures were similar to those in ZZ male
gonads (Chen et al., 2014). Similarly, in European sea bass, significant
differences were observed in the methylation levels of the cyp19ala
promoter between testes and ovaries, with high temperatures further
increasing the methylation levels in the ovaries, shifting towards
testicular development (Navarro-Martin et al., 2011). These findings
indicate that DNA methylation plays a crucial role in vertebrate sex
determination and gonadal differentiation and responds to environ-
mental changes, altering with sex phenotype changes. However, in this
study, the identification results for differentially methylated positions
and regions showed relatively minor differences in DNA methylation
between testis and ovary, which may correlate with the early stage of
gonadal differentiation. Typically, DNA methylation is stably main-
tained in somatic tissues; however, methylation patterns and levels show
dynamic changes during development. In Nile tilapia, gonadal differ-
entiation is completed by 30 days of age (Li et al., 2011), and 1066,678
differentially methylated positions and 98,675 differentially methylated
regions (Sun et al., 2016) were identified in four-month-old testes and
ovaries. However, only 16,559 differentially methylated regions were
identified in the testes and ovaries of 17-day-old Nile tilapia (Yao et al.,
2022). In adult large yellow croaker, 95,255 differentially methylated
regions were identified between testes and ovaries (He et al., 2020).
These results further illustrate that species and developmental stages
significantly affect methylation levels of genes, explaining why fewer
differentially methylated sites and regions are found between the
ovaries and testes of spotted sea bass. In the early stages of gonadal
differentiation in spotted sea bass, four pathways are preferentially
activated by differential methylation, among which the cardiac muscle
contraction pathway was also significantly enriched in the early differ-
ential transcriptome results of gonads, triggered by the binding of Ca2*
with troponin C (Landstrom et al., 2017). This pathway could facilitate
the transport of gonadal steroids through the vascular system, an
essential component of testicular morphology and differentiation, and
crucial for ovarian corpus luteum function (Gu et al., 2022). The
enrichment of the receptor-mediated endocytosis and SNARE in-
teractions in vesicular transport pathways also suggests that the trans-
port process of steroid hormones is regulated by methylation (Zhou
et al., 2023).

In conjunction with transcriptomic analyses, six genes (hoxb3a,
actal, cacnb4, crabp2, dfna5, and app1) were identified that exhibit both
differential expression and opposite trends in methylation during early
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gonadal differentiation in spotted sea bass. Hoxb3a is regulated by
Wnt3a and can transcriptionally regulate multiple genes in the Wnt
signaling pathway (Zhu et al., 2023), which is significantly enriched in
the early gonadal transcriptomes of spotted sea bass. The low methyl-
ation levels in the promoter region of hoxb3a in ovaries may increase
gene expression, potentially promoting early ovarian differentiation via
the Wnt pathway. The cacnb4 gene encodes an auxiliary subunit of
voltage-gated calcium channels and plays a crucial role in intracellular
Ca* regulation (Coste de Bagneaux et al., 2020). Studies suggest that
Cacnb4 could downregulate the Wnt/f-catenin signaling pathway and
reduce cell division (Rima et al., 2017), indicating that high methylation
levels in the cacnb4 promoter in ovaries suppress gene expression,
thereby promoting cell proliferation in the ovaries. The crabp2 gene
encodes a retinoic acid-binding protein that transports retinoic acid (RA)
to the nucleus, thus regulating RA binding to nuclear receptors (Lixa
et al., 2019). Research has demonstrated that the initiation of meiosis in
ovaries requires RA synthesis (Le Bouffant, R., Guerquin, M. J., Duqu-
enne, C., Frydman, N., Coffigny, H., Rouiller-Fabre, V., Frydman, R.,
Habert, R., Livera, G., 2010), and RA signaling is considered a primary
driver of spermatogonial differentiation (Nourashrafeddin and Hosseini
Rashidi, 2018). Furthermore, studies have shown that gonadotropins
alone or in combination can significantly increase crabp2 expression in
testes. Thus, low methylation in the crabp2 promoter in testes promotes
gene expression, thereby facilitating testicular differentiation. Research
indicates that dfna5 can regulate apoptotic cell breakdown and induce
secondary necrosis dependent on caspase activation (Rogers et al.,
2017). Additionally, dfna5 can inhibit cancer cell proliferation, and its
promoter methylation is often considered an epigenetic marker in can-
cer (Guo et al., 2022; Croes et al., 2018). Studies also show that the gene
expression is influenced by estrogen receptors (Croes et al., 2018).
Therefore, high methylation in the dfna5 promoter in ovaries inhibits
gene expression, thus promoting ovarian differentiation. The absence of
the appl gene leads to replication defects in germ cells, including
reduced proliferation, cell cycle arrest, and accumulation of DNA
double-strand breaks in mitotic proliferative cells (Silva et al., 2022).
Hence, high methylation in the appl promoter in ovaries inhibits gene
expression and the mitotic process, while low methylation in testes
promotes gene expression and spermatogonial mitosis. Collectively,
these genes are involved in the synthesis or functional exertion of sex
hormones.
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5. Conclusion

Overall, this study provides a comprehensive analysis of the molec-
ular mechanisms underlying gonadal differentiation and development in
spotted sea bass through histology, transcriptomics, and DNA methyl-
ation. Histological analysis identified 90-180 dph as the critical period
for gonadal differentiation in spotted sea bass. Dynamic transcriptomic
analysis revealed male-biased genes, such as star, prom2, igfbp2a, dmrt1,
and gsdf, which may play a crucial role in testis differentiation. Simi-
larly, female-biased genes, including slco4al, adma, prxl2a, fox12, and
id2, were identified as key players in ovary differentiation. Additionally,
31 shared hub genes were found to potentially play important roles in
the development of both testes and ovaries. WGBS analysis revealed that
genes related to sex hormone synthesis were associated with DNA
methylation during early gonadal differentiation, and six genes (actal,
cacnb4, crabp2, dfna5, appl, and hoxb3a) were identified as potential
epigenetic markers for early gonadal differentiation. These findings
provide valuable insights into the molecular mechanisms of gonad
development and differentiation and have potential applications in sex
control strategies in aquaculture.

Ethics approval

All animal experiments were conducted in accordance with the
guidelines and approval of the respective Animal Research and Ethics
Committees of Ocean University of China (Permit Number: 20141201).
The field studies did not involve endangered or protected species.

Funding sources

This study was supported by the National Key Research and Devel-
opment Program of China [2022YFD2401201], Research on Breeding
Technology of Candidate Species for Guangdong Modern Marine
Ranching [2024-MRB-00-001] and Agriculture Research System of
China [CARS-47].

CRediT authorship contribution statement

Yun Li: Writing — review & editing, Methodology, Funding acquisi-
tion, Conceptualization. Xin Qi: Resources, Methodology. Kaiqgiang
Zhang: Methodology. Lingyu Wang: Writing — original draft, Visuali-
zation, Methodology, Conceptualization. Haishen Wen: Resources.
Donglei Sun: Software, Data curation. Xueqi Li: Software. Shaosen

Yang: Resources.

Declaration of Generative AI and Al-assisted technologies in the
writing process

During the preparation of this work the author(s) did not use any Al
and Al-assisted technologies.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.aqrep.2025.102990.

Data availability

Data will be made available on request.

11

Aquaculture Reports 43 (2025) 102990
References

Bhatta, S., Iwai, T., Miura, C., Higuchi, M., Shimizu-Yamaguchi, S., Fukada, H., Miura, T.,
2012. Gonads directly regulate growth in teleosts. Proc. Natl. Acad. Sci. USA 109
(28), 11408-11412.

Chen, S., Zhang, G., Shao, C., Huang, Q., Liu, G., Zhang, P., Song, W., An, N.,
Chalopin, D., Volff, J.N., Hong, Y., Li, Q., Sha, Z., Zhou, H., Xie, M., Yu, Q., Liu, Y.,
Xiang, H., Wang, N., Wu, K., Wang, J., 2014. Whole-genome sequence of a flatfish
provides insights into ZW sex chromosome evolution and adaptation to a benthic
lifestyle. Nat. Genet. 46 (3), 253-260.

Coste de Bagneaux, P., von Elsner, L., Bierhals, T., Campiglio, M., Johannsen, J.,
Obermair, G.J., Hempel, M., Flucher, B.E., Kutsche, K., 2020. A homozygous
missense variant in CACNB4 encoding the auxiliary calcium channel beta4 subunit
causes a severe neurodevelopmental disorder and impairs channel and non-channel
functions. PLoS Genet. 16 (3), e1008625.

Croes, L., Beyens, M., Fransen, E., Ibrahim, J., Vanden Berghe, W., Suls, A., Peeters, M.,
Pauwels, P., Van Camp, G., Op de Beeck, K., 2018. Large-scale analysis of DFNA5
methylation reveals its potential as biomarker for breast cancer. Clin. epigenetics 10,
51.

Duncan, G., Kiff, S., Mitchell, R.T., 2023. Sex steroid priming for growth hormone
stimulation testing in children and adolescents with short stature: A systematic
review. Clin. Endocrinol. 98 (4), 527-535.

Feiyan, G., Lingyu, W., Zhiyuan, W., Haishen, W., Xin, Q., Kaigiang, Z., Donglei, S.,
Yun, L., 2025. Distinct pathways of foxI2 and foxI2l mediate estrogen and androgen
signaling in spotted sea bass (Lateolabrax maculatus). Aquaculture 609, 742796.

Galano, M., Li, Y., Li, L., Sottas, C., Papadopoulos, V., 2021. Role of Constitutive STAR in
Leydig Cells. Int. J. Mol. Sci. 22 (4), 2021.

Gao, D., Huang, J., Lin, G., Lu, J., 2022. A time-course transcriptome analysis of gonads
from yellow catfish (Pelteobagrus fulvidraco) reveals genes associated with gonad
development. BMC Genom. 23 (1), 409.

Gu, X., Li, S.Y., DeFalco, T., 2022. Immune and vascular contributions to organogenesis
of the testis and ovary. FEBS J. 289 (9), 2386-2408.

Guo, J., Yu, J., Mu, M., Chen, Z., Xu, Z., Zhao, C., Yang, K., Zheng, J., Qin, X., Zhao, W.,
Sun, X., 2022. DFNA5 inhibits colorectal cancer proliferation by suppressing the
mTORC1/2 signaling pathways via upregulation of DEPTOR. Cell cycle (Georgetown
Tex. ) 21 (20), 2165-2178.

Hayman, E.S., Fairgrieve, W.T., Luckenbach, J.A., 2021. Molecular and morphological
sex differentiation in sablefish (Anoplopoma fimbria), a marine teleost with XX/XY
sex determination. Gene 764, 145093.

He, A., Li, W., Wang, W., Ye, K., Gong, S., Wang, Z., 2020. Analysis of DNA methylation
differences in gonads of the large yellow croaker. Gene 749, 144754.

Herpin, A., Schartl, M., 2011. Sex determination: switch and suppress. Curr. Biol. CB 21
(17), R656-R659.

Huang, M., Wang, Q., Chen, J., Chen, H., Xiao, L., Zhao, M., Zhang, H., Li, S., Liu, Y.,
Zhang, Y., Lin, H., 2019. The co-administration of estradiol/17a-methyltestosterone
leads to male fate in the protogynous orange-spotted grouper, Epinephelus coioides.
Biol. Reprod. 100 (3), 745-756.

Landstrom, A.P., Dobrev, D., Wehrens, X.H.T., 2017. Calcium Signaling and Cardiac
Arrhythmias. Circ. Res. 120 (12), 1969-1993.

Le Bouffant, R., Guerquin, M. J., Duquenne, C., Frydman, N., Coffigny, H., Rouiller-
Fabre, V., Frydman, R., Habert, R., Livera, G, 2010. Meiosis initiation in the human
ovary requires intrinsic retinoic acid synthesis. Hum. Reprod. (Oxf. Engl. ) 25 (10),
2579-2590.

Li, B., Tian, Y., Wen, H., Qi, X., Wang, L., Zhang, J., Li, J., Dong, X., Zhang, K., Li, Y.,
2021. Systematic identification and expression analysis of the Sox gene family in
spotted sea bass (Lateolabrax maculatus). Comparative biochemistry and physiology.
Part D. Genom. Proteom. 38, 100817.

Li, J., Liu, S., Nagahama, Y., 2011. Pod1 is involved in the sexual differentiation and
gonadal development of the Nile tilapia. Sci. China Life Sci. 54 (11), 1005-1010.

Li, X.Y., Mei, J., Ge, C.T., Liu, X.L., Gui, J.F., 2022. Sex determination mechanisms and
sex control approaches in aquaculture animals. Sci. China Life Sci. 65 (6),
1091-1122.

Lin, G., Gao, D., Lu, J., Sun, X., 2021. Transcriptome Profiling Reveals the Sexual
Dimorphism of Gene Expression Patterns during Gonad Differentiation in the Half-
Smooth Tongue Sole (Cynoglossus semilaevis). Mar. Biotechnol. (N. Y. N. Y. ) 23 (1),
18-30.

Lixa, C., Clarkson, M.W., Igbal, A., Moon, T.M., Almeida, F.C.L., Peti, W., Pinheiro, A.S.,
2019. Retinoic Acid Binding Leads to CRABP2 Rigidification and Dimerization.
Biochemistry 58 (41), 4183-4194.

Lobo, I.K.C., Nascimento, A.R.D., Yamagishi, M.E.B., Guiguen, Y., Silva, G.F.D.,
Severac, D., Amaral, A.D.C., Reis, V.R., Almeida, F.L., 2020. Transcriptome of
tambaqui Colossoma macropomum during gonad differentiation: Different molecular
signals leading to sex identity. Genomics 112 (3), 2478-2488.

Meyer, H.H., 2001. Biochemistry and physiology of anabolic hormones used for
improvement of meat production. APMIS Acta Pathol. Microbiol. Et. Immunol.
Scand. 109 (1), 1-8.

Morohashi, K., Baba, T., Tanaka, M., 2013. Steroid hormones and the development of
reproductive organs. Sex. Dev. 7 (1-3), 61-79.

Navarro-Martin, L., Vinas, J., Ribas, L., Diaz, N., Gutiérrez, A., Di Croce, L., Piferrer, F.,
2011. DNA methylation of the gonadal aromatase (cyp19a) promoter is involved in
temperature-dependent sex ratio shifts in the European sea bass. PLoS Genet. 7 (12),
€1002447.

Nourashrafeddin, S., Hosseini Rashidi, B., 2018. Gonadotropin Regulation of Retinoic
Acid Activity in the Testis. Acta Med. Iran. 56 (1), 34-42.

Ortega-Recalde, O., Goikoetxea, A., Hore, T.A., Todd, E.V., Gemmell, N.J., 2020. The
Genetics and Epigenetics of Sex Change in Fish. Annu. Rev. Anim. Biosci. 8, 47-69.


https://doi.org/10.1016/j.aqrep.2025.102990
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref1
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref1
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref1
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref2
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref2
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref2
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref2
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref2
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref3
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref3
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref3
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref3
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref3
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref4
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref4
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref4
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref4
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref5
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref5
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref5
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref6
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref6
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref6
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref7
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref7
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref8
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref8
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref8
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref9
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref9
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref10
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref10
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref10
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref10
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref11
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref11
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref11
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref12
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref12
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref13
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref13
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref14
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref14
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref14
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref14
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref15
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref15
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref16
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref16
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref16
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref16
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref17
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref17
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref17
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref17
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref18
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref18
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref19
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref19
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref19
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref20
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref20
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref20
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref20
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref21
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref21
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref21
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref22
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref22
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref22
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref22
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref23
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref23
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref23
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref24
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref24
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref25
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref25
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref25
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref25
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref26
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref26
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref27
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref27

L. Wang et al.

Quiroga-Artigas, G., de Jong, D., Schnitzler, C.E., 2022. GNL3 is an evolutionarily
conserved stem cell gene influencing cell proliferation, animal growth and
regeneration in the hydrozoan Hydractinia. Open Biol. 12 (9), 220120.

Rima, M., Daghsni, M., Lopez, A., Fajloun, Z., Lefrancois, L., Dunach, M., Mori, Y.,
Merle, P., Brusés, J.L., De Waard, M., Ronjat, M., 2017. Down-regulation of the Wnt/
p-catenin signaling pathway by Cacnb4. Mol. Biol. Cell 28 (25), 3699-3708.

Rogers, C., Fernandes-Alnemri, T., Mayes, L., Alnemri, D., Cingolani, G., Alnemri, E.S.,
2017. Cleavage of DFNA5 by caspase-3 during apoptosis mediates progression to
secondary necrotic/pyroptotic cell death. Nat. Commun. 8, 14128.

Shao, C., Li, Q., Chen, S., Zhang, P., Lian, J., Hu, Q., Sun, B., Jin, L., Liu, S., Wang, Z.,
Zhao, H., Jin, Z., Liang, Z., Li, Y., Zheng, Q., Zhang, Y., Wang, J., Zhang, G., 2014.
Epigenetic modification and inheritance in sexual reversal of fish. Genome Res. 24
(4), 604-615.

Silva, N., Castellano-Pozo, M., Matsuzaki, K., Barroso, C., Roman-Trufero, M., Craig, H.,
Brooks, D.R., Isaac, R.E., Boulton, S.J., Martinez-Perez, E., 2022. Proline-specific
aminopeptidase P prevents replication-associated genome instability. PLoS Genet. 18
(1), e1010025.

Sun, D., Yu, H., Kong, L., Liu, S., Xu, C., Li, Q., 2024. The role of DNA methylation
reprogramming during sex determination and sex reversal in the Pacific oyster
Crassostrea gigas. Int. J. Biol. Macromol. 259 (Pt 2), 128964.

Sun, L.X., Wang, Y.Y., Zhao, Y., Wang, H., Li, N., Ji, X.S., 2016. Global DNA Methylation
Changes in Nile Tilapia Gonads during High Temperature-Induced Masculinization.
PloS One 11 (8), e0158483.

Tachibana, M., 2015. Epigenetics of sex determination in mammals. Reprod. Med. Biol.
15 (2), 59-67.

Tao, W., Chen, J., Tan, D., Yang, J., Sun, L., Wei, J., Conte, M.A., Kocher, T.D., Wang, D.,
2018. Transcriptome display during tilapia sex determination and differentiation as
revealed by RNA-Seq analysis. BMC Genom. 19 (1), 363.

Ungewitter, E.K., Yao, H.H., 2013. How to make a gonad: cellular mechanisms governing
formation of the testes and ovaries. Sexual development genetics molecular biology
evolution endocrinology embryology pathology sex determination differentiation 7
(1-3), 7-20.

Wang, H., Ding, J., Ding, S., Chang, Y., 2019. Transcriptome analysis to characterize the
genes related to gonad growth and fatty acid metabolism in the sea urchin
Strongylocentrotus intermedius. Genes Genom. 41 (12), 1397-1415.

Wang, M., Chen, L., Zhou, Z., Xiao, J., Chen, B., Huang, P., Li, C., Xue, Y., Liu, R., Bai, Y.,
Yan, M., Hu, S., Dai, Y., Yang, C., Zou, X., Jiang, Z., Feng, J., Zhou, T., Xu, P., 2023.
Comparative transcriptome analysis of early sexual differentiation in the male and
female gonads of common carp (Cyprinus carpio). Aquaculture 563, 738984.

12

Aquaculture Reports 43 (2025) 102990

Wang, W., Yang, Y., Tan, S., Zhou, T., Liu, Y., Tian, C., Bao, L., Xing, D., Su, B., Wang, J.,
Zhang, Y., Liu, S., Shi, H., Gao, D., Dunham, R., Liu, Z., 2022. Genomic imprinting-
like monoallelic paternal expression determines sex of channel catfish. Sci. Adv. 8
(51), eadc8786.

Wang, X., Ma, X., Wei, G., Ma, W., Zhang, Z., Chen, X., Gao, L., Liu, Z., Yuan, Y., Yi, L.,
Wang, J., Tokumoto, T., Huang, J., Chen, D., Zhang, J., Liu, J., 2021. The Role of
DNA Methylation Reprogramming during Sex Determination and Transition in
Zebrafish. Genom. Proteom. Bioinforma. 19 (1), 48-63.

Xie, Q.P., Li, B.B., Wei, F.L., Yu, M., Zhan, W., Liu, F., Lou, B., 2021. Growth and gonadal
development retardations after long-term exposure to estradiol in little yellow
croaker, Larimichthys polyactis. Ecotoxicol. Environ. Saf. 222, 112462.

Yang, F., Ye, H., Takeuchi, Y., Liu, F., Xu, D., 2021. Characterization of the sex
differentiation and gonadal development in small yellow croaker (Larimichthys
polyactis) and its hybrid (L. polyactis @ x L. crocea 3). Fish. Physiol. Biochem. 47 (5),
1467-1476.

Yang, Q., Yu, H,, Li, Q., 2024. Comparative Transcriptome Analysis Reveals the Role of
Ribosome Reduction in Impeding Oogenesis in Female Triploid Crassostrea gigas.
Mar. Biotechnol. (N. Y. N. Y. ) 26 (1), 125-135.

Yao, Z., Zhao, Y., Chen, H., Wang, H., Ji, X., 2022. Integrated analysis of DNA methylome
and RNA transcriptome during high-temperature-induced masculinization in sex-
undifferentiated Nile tilapia gonad. Aquaculture 552, 738043.

Yu, Y., Chen, M., Shen, Z.G., 2023. Molecular biological, physiological, cytological, and
epigenetic mechanisms of environmental sex differentiation in teleosts: A systematic
review. Ecotoxicol. Environ. Saf. 267, 115654.

Zhao, C., Xu, S., Liu, Y., Wang, Y., Liu, Q., Li, J., 2017. Gonadogenesis analysis and sex
differentiation in cultured turbot (Scophthalmus maximus). Fish. Physiol. Biochem. 43
(1), 265-278.

Zheng, W., Liu, A., Xia, N., Chen, N., Meurens, F., Zhu, J., 2023. How the Innate Immune
DNA Sensing cGAS-STING Pathway Is Involved in Apoptosis. Int. J. Mol. Sci. 24 (3),
3029.

Zhou, Y.X., Wei, J., Deng, G., Hu, A., Sun, P.Y., Zhao, X., Song, B.L., Luo, J., 2023.
Delivery of low-density lipoprotein from endocytic carriers to mitochondria supports
steroidogenesis. Nat. Cell Biol. 25 (7), 937-949.

Zhu, S., Yang, Z., Zhang, Z., Zhang, H., Li, S., Wu, T., Chen, X., Guo, J., Wang, A.,
Tian, H., Yu, J., Zhang, C., Su, L., Shang, Z., Quan, C., Niu, Y., 2023. HOXB3 drives
WNT-activation associated progression in castration-resistant prostate cancer. Cell
death Dis. 14 (3), 215.


http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref28
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref28
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref28
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref29
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref29
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref29
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref30
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref30
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref30
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref31
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref31
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref31
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref31
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref32
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref32
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref32
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref32
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref33
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref33
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref33
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref34
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref34
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref34
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref35
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref35
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref36
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref36
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref36
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref37
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref37
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref37
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref37
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref38
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref38
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref38
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref39
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref39
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref39
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref39
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref40
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref40
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref40
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref40
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref41
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref41
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref41
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref41
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref42
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref42
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref42
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref43
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref43
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref43
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref43
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref44
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref44
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref44
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref45
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref45
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref45
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref46
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref46
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref46
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref47
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref47
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref47
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref48
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref48
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref48
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref49
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref49
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref49
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref50
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref50
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref50
http://refhub.elsevier.com/S2352-5134(25)00376-X/sbref50

	Histological observation, transcriptome and methylome analyses reveal the dynamic changes during gonadal differentiation of ...
	1 Introduction
	2 Material and methods
	2.1 Fish rearing conditions and treatment
	2.2 Sample collection
	2.3 Histological observation of gonad
	2.4 RNA-seq library construction and data preprocessing
	2.5 Identification and function analysis of differential expressed genes (DEGs)
	2.6 qPCR analysis
	2.7 WGBS library construction and sequencing
	2.8 Differentially methylated analysis and genomic annotation

	3 Results
	3.1 Histological observation of the gonads
	3.2 Sex-biased genes expression during gonadal differentiation in spotted sea bass
	3.3 Identification of key genes and pathways involved in gonadal development
	3.4 Identification of differentially methylated cites (DMC) and differentially methylated region (DMR)
	3.5 Function analysis of DMGs between testis and ovary
	3.6 Integrative analysis of WGBS and RNA-seq

	4 Discussion
	4.1 Histological insights into gonadal differentiation in spotted sea bass
	4.2 Key insights into gonadal development and sex differentiation in spotted sea bass based on transcriptomic analysis
	4.3 DNA methylation and gene regulation in gonadal differentiation of spotted sea bass

	5 Conclusion
	Ethics approval
	Funding sources
	CRediT authorship contribution statement
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Declaration of Competing Interest
	Appendix A Supporting information
	Data availability
	References


