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Simple Summary: The greater amberjack (Seriola dumerili) is an emerging marine fish
species that has become a sought-after aquaculture product due to its tender flesh and
rapid growth rate. Ovarian development is closely related to the production of high-quality
eggs and serves as a critical determinant of aquaculture yield. However, studies on ovarian
development in greater amberjack remains limited. This study aims to screen and identify
candidate genes and potential signaling pathways involved in greater amberjack ovarian
development through transcriptome analysis, thereby providing a foundation for further
elucidation of the molecular mechanisms underlying ovarian maturation in fish.

Abstract: The greater amberjack (Seriola dumerili) is an emerging marine fish that is increas-
ingly favored in aquaculture. Currently, there are few studies on the development and
regulation of greater amberjack ovaries. In this study, the ovary transcriptome profiles of
greater amberjack at three different stages (stage II, III, and IV) were performed, and identified
the genes and pathways that may play significant roles in the processes of follicle growth and
maturation. A total of 6597, and 1061 differentially expressed genes (DEGs) were detected
in FII vs. FIII, FIII vs. FIV, and FII vs. FIV stages, respectively. GO and KEGG enrichment
analyses revealed that these DEGS are primarily involved in steroid hormone biosynthesis
(e.g., cyp11a1, cyp17a1, cyp19a1a, hsd3b1, esr1), lipid metabolism (e.g., plpp3, lpl, pld1, and
fabp10a), and meiotic arrest and resumption (e.g., pgr, arb, ccnd2, adcy2, adcy9, myl9, calm1).
Additionally, several signaling pathways involved in ovarian development have been identi-
fied, including the PI3K-Akt, Wnt, TGF-beta, GnRH, and immune-related signaling pathways.
qPCR results of nine representative genes related to steroid hormone synthesis and cell growth
verified the reliability of the generated RNA-seq data. This research contributes to our com-
prehension of the molecular processes underlying ovarian growth and maturation in marine
fishes and provides a theoretical basis for the investigation of functional genes associated with
oogenesis in greater amberjack.
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1. Introduction
In recent years, the demand for aquaculture species, particularly fish, has increased

significantly due to overfishing, which has resulted in a decline in natural resources. Pro-
ducing large numbers of healthy and viable eggs with high survival rates is pivotal to
the success of aquaculture [1]. The ovary serves as the site of oogenesis [2], and ovarian
development is closely related to the production of high-quality eggs. The significant
developmental events occurring in the ovaries of teleosts are similar, involving the prolif-
eration of oogonia and the formation of primary oocytes that subsequently grow within
the follicles, form cortical alveoli, enter vitellogenesis, undergo maturation, and are ulti-
mately ovulated as fertilized eggs [3]. Oocyte growth, a vital stage of oogenesis, has been
extensively investigated across various species. Fish follicle development can be divided
into two main phases: the primary growth phase (PG) and the secondary growth phase
(SG) [4]. The SG can further be subdivided into the following stages: primary vitellogenic
oocytes (PV), vitellogenic oocytes (early vitellogenic oocytes (EV) and middle vitellogenic
oocytes (MV)), fully grown oocytes (FG), and mature oocytes (M) [5]. PG encompasses
the developmental stage of oocytes from the meiotic chromatin–nucleolus stage to the
early cortical alveoli (CA) stage. The onset of SG is characterized by the emergence and
accumulation of CA, a phase referred to as “primary vitellogenesis” [4]. True vitellogenesis
involves the formation of yolk granules at the periphery of the cytoplasm as the oocyte
matures [1,6]. By the conclusion of this process, the oocyte is enriched with maternal
mRNAs, lipids, proteins, vitamins, carbohydrates, and hormones essential for subsequent
maturation and early embryonic development [1]. Subsequently, the FG oocytes experience
meiotic maturation, which involves the resumption of meiosis and the finalization of the
first meiotic division following growth completion and culminating in the formation of
fertilizable eggs [1].

Ovarian development is a complex and dynamic physiological process in fish repro-
duction, which is influenced by various factors, including the stimulation of environmental
factors, the accumulation of nutrients, the regulation of steroid hormones, and genetic
factors [7,8]. In yellowtail (Seriola quinqueradiata), comprehensive regulation of water tem-
perature and photoperiod may enhance the levels of follicle-stimulating hormone (FSHβ)
and luteinising hormone (LHβ), leading to increased serum estradiol (E2) and testosterone
(T) levels, which ultimately facilitate maturation [9]. Furthermore, in yellowfin sea bream
(Acanthopagrus latus) and flame angelfish (Centropyge loriculus), the relative fecundity, hatch-
ing rate, and larval survival rate were significantly improved by the supplementation of
higher levels of n-3 long-chain polyunsaturated fatty acids (LC-PUFA) in their diet [10,11].
Genetic factors are considered to be among the most critical factors. With the rapid ad-
vancement of high-throughput sequencing technology, RNA–Seq has emerged as a crucial
tool for studying fish gonad advancement, primarily used for screening relevant candidate
genes and signaling pathways [12–14]. Jiang et al. analyzed the transcriptomes of stage
III and IV ovaries of the spotted scat (Scatophagus argus) and found several differentially
expressed genes (DEGs) associated with ovarian maturation, including fshr, cyp17a1, foxl2,
ppara, fabp3, etc., which are highly expressed in stage IV [15]. In addition, Jia et al. com-
pared the ovaries of juvenile and adult Yellow River carp (Cyprinus carpio) and found
that genes involved in oocyte meiosis, maturation, DNA modification, and fertilization
were significantly up-regulated in adults [2]. Li et al. performed transcriptome analysis
on the stage I and stage III ovaries of golden pompano (Trachinotus ovatus) and found
that gnrhr, fshr, fshβ, cyp11a, sirt3, and peg3 were highly expressed in stage III ovaries [16].
Furthermore, a comparative transcriptome analysis of wild and hatchery-produced greater
amberjack at maturity revealed the up-regulation of factors associated with hypogonadism
and polycystic ovary syndrome in mammals [17,18]. In summary, most previous studies
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on fish ovaries have primarily focused on the early and mature stages, with comparatively
fewer investigations into the intermediate processes. A comprehensive understanding of
the molecular mechanisms that govern these distinct stages of ovarian development is
essential for advancing our knowledge of fish reproduction.

The greater amberjack (Seriola dumerili) is a marine, large migratory, pelagic fish with
a circumglobally distribution in tropical and temperate waters [19]. This species holds
significant value for commercial and recreational fisheries as well as aquaculture due to
its rapid growth rate, considerable body size, high-quality flesh, and high worldwide
consumer acceptability. Field sampling indicates that a minority of females reached sexual
maturity at 1 year of age, 62.7% reached sexual maturity by 2 years, 90.4% reached sexual
maturity by 3 years, and 100% reached sexual maturity by 6 years of age and beyond [20,21].
The reproductive potential of the greater amberjack is enormous and artificial induction
of spawning has been successfully achieved in some laboratories using gonadotropin-
releasing hormone agonists (GnRHa), which are administered via injection or sustained
release implants, as well as human chorionic gonadotropin (hGC) injections administered
during the advanced phase of spermatogenesis and just prior to the expected spawning
season [22–27]. However, the efficiency of artificial reproduction remains low in practical
breeding scenarios, primarily due to the scarcity of female fish capable of producing
a large quantity of healthy and viable eggs [28]. A deeper understanding of ovarian
development could provide a theoretical foundation for enhancing the quality and quantity
of eggs produced by the female greater amberjack. Currently, the differential expression
of miRNAs in the three different ovarian development stages (immature, maturing (late
vitellogenesis), and spent ovaries) was examined, and several miRNAs associated with
follicular atresia, apoptosis, and cell death were identified [29]. To further address some
gaps in the existing literature in this area, the present study analyzes the transcriptomes of
the ovary at the PG stage (stage II), PV stage (stage III), and MV stage (stage IV). This study
helps to screen and identify candidate genes and potential signaling pathways involved in
ovarian development in greater amberjack, thereby providing a basis for further elucidating
the molecular mechanism of ovarian maturation in fish.

2. Materials and Methods
2.1. Experimental Fish and Sample Collection

Twelve two-year-old female greater amberjack (body weight, 3.60–4.25 kg; to-
tal length, 64–72 cm) were sampled from Fuminyang Aquaculture Development Co.,
(Zhangzhou, China) between April and June 2023 (Table S1). Prior to sample collection,
tricaine methane sulfonate (MS-222, Sigma, Saint Louis, MO, USA) (100 mg/L) was utilized
to anesthetize the experimental fish. The ovarian tissues were rapidly isolated and weighed.
These tissues were then divided into two portions: one portion was placed in RNA Later
solution (Beyotime, Shanghai, China) overnight at 4 ◦C and subsequently transferred to
a −80 ◦C refrigerator for total RNA extraction. The other portion was fixed in Bouin’s
solution (Phygene, Fuzhou, China) for 48 h and subsequently characterized histologically
using hematoxylin–eosin staining (HE). The gonadosomatic index (GSI) was calculated
using the formula GSI = (gonad weigh)/(body weight).

2.2. Histological Observation of Ovaries

Dissected greater amberjack ovaries were immersed in Bouin’s solution for 48 h
at room temperature for fixation. Following fixation, the ovarian tissues were dehy-
drated in ethanol, cleared in xylene, and embedded in paraffin. Ovarian blocks were
then sectioned (width, 5–7 µm) using a rotary microtome (HistoCore BIOCUT, Leica).
Hematoxylin-eosin (HE) staining was performed as our previous study described [30],
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and images of the stained tissue sections were captured using a color microscope camera
(DFC7000 T, Leica, Wetzlar, Germany). The different developmental stages (PG stage
(stage II), PV stage (stage III), and MV stage (stage IV)) of the ovaries in the experimental
fish were determined based on our previous study [31].

2.3. RNA Extraction, Library Preparation, and Sequencing

Based on the three ovarian developmental stages (PG stage (stage II), PV stage
(stage III), and MV stage (stage IV)) observed in the tissue sections (three samples were
taken from each stage), ovarian tissues from nine out of 12 fish were selected for total RNA
extraction using Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. A total of 1.5% agarose gel electrophoresis was employed to evaluate RNA
integrity, while RNA concentration and quality were assessed using a Nanodrop spec-
trophotometer (Thermo Scientific, Wilmington, DE, USA). Each sample exhibited an RNA
concentration exceeding 200 ng/µL, with a total amount greater than 10 µg. The NEBNext®

UltraTM RNA Library Prep Kit was utilized to construct complementary DNA (cDNA)
libraries. Briefly, ovary messenger RNA (mRNA) with a poly A tail was enriched from total
RNA using Oligo (dT) magnetic beads and subsequently fragmented randomly using a frag-
mentation buffer. Employing random oligonucleotides as primers, fragmented mRNA was
then reverse transcribed into cDNA using the NEBNext Ultra RNA Library Prep Kit from
Illumina (New England Biolabs, Ipswich, MA, USA). The synthesized double-stranded
cDNA was purified using AMPure XP beads (1.0), followed by end repair, adaptor ligation,
fragment sorting, and size selection. Polymerase chain reaction (PCR) amplification was
used to generate cDNA libraries, which were sequenced on the Illumina Novaseq 6000
from Gene Denovo Biotechnology Co. (Guangzhou, China).

2.4. Sequence Assembly, Annotation, and Functional Analysis

The high-quality clean reads were obtained by removing those containing adapters, ex-
ceeding 10% of unknown nucleotides (N) and low-quality reads from the original sequence via
fastp (version 0.18.0). Meanwhile, the Q20, Q30, and GC contents of the clean reads were calcu-
lated. Next, by using HISAT (version 2.2.4) the high-quality clean reads were aligned with the
reference genome of greater amberjack (Accession numbers: BDQW01000001-BDQW01034655,
Biosample ID: SAMD00083043) [32]. The greater amberjack genome assembly measures
678 Mbp in length, with an N50 of 5.8 Mbp. Clean RNA-seq data were assembled using
StringTie (version 1.3.1) with default parameters. Gene expression levels were calculated and
normalized to the fragments per kilobase of transcript per million mapped reads (FPKM)
value. To investigate the dynamic changes of different ovarian stages in greater amberjack,
three comparison groups were constructed, including FII vs. FIII, FII vs. FIV, and FIII vs. FIV.
Principal component analysis (PCA) analysis was performed on the FPKM scores to assess
differences between and within groups. Differential expression analysis was performed using
DESeq2 software (version 1.20.0), and differentially expressed genes (DEGs) were identified
using |log2(fold change)| > 1 and a false discovery rate (FDR) < 0.05 as a threshold. Then,
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
databases enrichment analysis was carried out to identify significant DEGs. The genes associ-
ated with the GO terms and the KEGG pathway were identified. And the pathways with a
p-value < 0.05 were considered significant.

2.5. Real-Time Quantitative PCR (qRT-PCR) Validation of DEGs

To confirm the reliability of the transcriptome sequencing results, qRT-PCR validation
was conducted on a random selection of 22 differentially expressed genes (DEGs). The
samples used for qRT-PCR and RNA-seq were from the same batch. cDNA synthesis
was performed through reverse transcription using the TransScript® One-Step gDNA
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Removal and cDNA Synthesis SuperMix (TransGen Biotech, Beijing, China) according
to the manufacturer’s instructions. Gene-specific primer sequences were designed using
Primer 6 software (Premier Biosoft International, Palo Alto, CA, USA) based on greater
amberjack transcriptome data, with β-actin as the internal reference gene [33–35]. The
primer sequences are listed in Table S2.

The qRT-PCR was performed employing the qPCR PerfectStart TM Green qPCR Su-
perMix (TransGen Biotech, Beijing, China) on a Light Cycler 96 (Roche, Indianapolis, USA).
The PCR reaction mixture, totaling 20 µL, contained 10 µL of 2 × qPCR SuperMix, 6.2 µL
of RNase-free water, 2 µL of cDNA, and 0.8 µL of both forward and reverse primers
(10 µmol/mL). The thermal cycling protocol was set as follows: initial denaturation at 95 ◦C
for 5 min, succeeded by 40 cycles of denaturation at 95 ◦C for 30 s, annealing at 60 ◦C for
20 s, and extension at 72 ◦C for 20 s. Additional amplification efficiencies and correlation
coefficients (R2) of each primer were determined by standard curves for fivefold dilutions
(1/5, 1/25, 1/125, 1/625, and 1/3125) of the cDNA template. The relative gene expression
levels were determined using the comparative threshold cycle method, calculated as R = 2−∆∆Ct.

2.6. Statistical Analysis

The expression levels of DEGs and their FPKM values are presented as mean ± standard
error (SE). Statistical analysis was conducted using IBM SPSS Statistics 22.0 software. One-way
analysis of variance (ANOVA) with Duncan’s post-hoc test was used to detect statistically
significant differences among groups. A significance threshold was established at p < 0.05.

3. Results
3.1. Classification of Ovarian Developmental Stages II, III, and IV

Based on the histological characteristics of the greater amberjack ovary (Figure 1), three
representative stages of ovarian development were identified: stage II, stage III, and stage IV.
In stage II, the ovary primarily consisted of small, predominantly circular or irregular-shaped
oocytes at stage II in the growth phase, exhibiting a large number of nucleoli of varying sizes.
The yolk nucleus was distributed in a circular arrangement around the nucleus within the
cytoplasm, and a single layer of follicular membrane was present at the periphery of the
oocyte (Figure 1A). In stage III, the ovaries consisted mainly of oocytes at the primary growth
stage and those at the cortical vesicle stage. There was a significant increase in the volume of
both oocytes and nuclei, with lipid droplets appearing in the cytoplasm (Figure 1B). In stage
IV, the ovary was predominantly composed of preovulatory oocytes, which were significantly
larger and filled with yolk granules and lipid droplets within the cytoplasm (Figure 1C).
Additionally, the gonadosomatic index (GSI) increased with ovarian maturation (Figure S1).

Animals 2025, 15, x FOR PEER REVIEW 5 of 23 
 

Removal and cDNA Synthesis SuperMix (TransGen Biotech, Beijing, China) according to 

the manufacturer’s instructions. Gene-specific primer sequences were designed using Pri-

mer 6 software (Premier Biosoft International, Palo Alto, CA, USA) based on greater am-

berjack transcriptome data, with β-actin as the internal reference gene [33–35]. The primer 

sequences are listed in Table S2. 

The qRT-PCR was performed employing the qPCR PerfectStart TM Green qPCR Su-

perMix (TransGen Biotech, Beijing, China) on a Light Cycler 96 (Roche, Indianapolis,  

USA). The PCR reaction mixture, totaling 20 μL, contained 10 μL of 2 × qPCR SuperMix, 

6.2 μL of RNase-free water, 2 μL of cDNA, and 0.8 μL of both forward and reverse primers 

(10 μmol/mL). The thermal cycling protocol was set as follows: initial denaturation at 95 

°C for 5 min, succeeded by 40 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C 

for 20 s, and extension at 72 °C for 20 s. Additional amplification efficiencies and correla-

tion coefficients (R2) of each primer were determined by standard curves for fivefold di-

lutions (1/5, 1/25, 1/125, 1/625, and 1/3125) of the cDNA template. The relative gene ex-

pression levels were determined using the comparative threshold cycle method, calcu-

lated as R = 2−ΔΔCt. 

2.6. Statistical Analysis 

The expression levels of DEGs and their FPKM values are presented as mean ± stand-

ard error (SE). Statistical analysis was conducted using IBM SPSS Statistics 22.0 software. 

One-way analysis of variance (ANOVA) with Duncan’s post-hoc test was used to detect 

statistically significant differences among groups. A significance threshold was estab-

lished at p < 0.05. 

3. Results 

3.1. Classification of Ovarian Developmental Stages II, III, and IV 

Based on the histological characteristics of the greater amberjack ovary (Figure 1), 

three representative stages of ovarian development were identified: stage II, stage III, and 

stage IV. In stage II, the ovary primarily consisted of small, predominantly circular or 

irregular-shaped oocytes at stage II in the growth phase, exhibiting a large number of nu-

cleoli of varying sizes. The yolk nucleus was distributed in a circular arrangement around 

the nucleus within the cytoplasm, and a single layer of follicular membrane was present 

at the periphery of the oocyte (Figure 1A). In stage III, the ovaries consisted mainly of 

oocytes at the primary growth stage and those at the cortical vesicle stage. There was a 

significant increase in the volume of both oocytes and nuclei, with lipid droplets appear-

ing in the cytoplasm (Figure 1B). In stage IV, the ovary was predominantly composed of 

preovulatory oocytes, which were significantly larger and filled with yolk granules and 

lipid droplets within the cytoplasm (Figure 1C). Additionally, the gonadosomatic index 

(GSI) increased with ovarian maturation (Figure S1). 

 

Figure 1. Ovarian histology of greater amberjack. (A) stage II. (B) stage III. (C) stage IV. Oo2: pri-

mary growth stage oocytes (stage II); Oo3: primary vitellogenic-stage oocytes (stage III); Oo4: mid-

dle vitellogenic-stage oocytes (stage IV); Yg: yolk granules; Od: oil droplets; ZR: zona radiata. 

Figure 1. Ovarian histology of greater amberjack. (A) stage II. (B) stage III. (C) stage IV. Oo2: primary
growth stage oocytes (stage II); Oo3: primary vitellogenic-stage oocytes (stage III); Oo4: middle
vitellogenic-stage oocytes (stage IV); Yg: yolk granules; Od: oil droplets; ZR: zona radiata.
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3.2. RNA-Seq Data Statistics

The Illumina Novaseq 6000 system was used to sequence the nine ovary samples from
three different developmental stages. A total of 434,000,339 raw reads were obtained from
the greater amberjack ovary transcriptome, including 143.64 million in the stage II group,
157.77 million in the stage III group, and 132.58 million in the stage IV group. After
adapter sequences and low-quality reads, 43,259,336 clean reads (99.68% of raw reads)
were retained, including 143.19, 157.2, and 132.15 million in stage II, stage III, and stage IV,
respectively. The percentages of Q20 and Q30 exceeded 97.53% and 93.02%, respectively.
And the GC content was approximately 50%, suggesting that the sequencing outcomes were
reliable. The clean reads from all nine ovary sequencing libraries were then mapped to the
greater amberjack reference genome (Accession numbers: BDQW01000001-BDQW01034655,
Biosample ID: SAMD0008304), with a total of 464.10 million reads successfully mapped, of
which 339.80 million reads were uniquely mapped (Table 1).

Table 1. RNA-seq data and mapping statistics of the greater amberjack ovary transcriptome.

Sample Raw Reads Clean Reads Q20 (%) Q30 (%) GC (%) Unique_
Mapped

Multiple_
Mapped

Total_
Mapped

FII-1 46,712,628 46,578,780 97.90 93.88 50.17 89.92% 6.12% 96.04%
FII-2 48,756,308 48,594,360 97.58 93.20 49.69 90.04% 5.53% 95.58%
FII-3 48,180,720 48,024,268 97.65 93.34 50.25 89.95% 5.95% 95.91%
FIII-1 48,835,906 48,675,068 97.71 93.49 49.93 90.50% 5.22% 95.72%
FIII-2 56,750,310 56,548,516 97.64 93.27 49.58 90.89% 5.03% 95.92%
FIII-3 52,184,252 52,019,122 97.66 93.37 49.68 90.54% 5.05% 95.59%
FIV-1 51,845,668 51,689,044 97.81 93.68 48.76 91.14% 4.98% 96.12%
FIV-2 38,087,518 37,954,794 97.53 93.02 49.52 90.91% 4.62% 95.53%
FIV-3 42,647,088 42,509,416 97.75 93.58 49.42 91.36% 4.44% 95.81%

1, 2, and 3: Three independent biological replicates. Q20: The percentage of bases with a Phred value > 20.
Q30: The percentage of bases with a Phred value > 30. Unique Mapped: The number of clean reads that
uniquely mapped onto the annotated genome. Multiple Mapped: The number of clean reads that mapped to
multiple positions on the annotated genome. Total Mapped: The number of clean reads that mapped onto the
annotated genome.

3.3. DEGs Profiles in Stage II, III, and IV Ovaries

Principal component analysis (PCA) of the transcriptome delivery samples revealed that
the biological replicates of the groups clustered together, thereby demonstrating the feasibility
of ovarian-stage grouping (Figure S2). Differential expression data from different stages of
greater amberjack ovarian development are shown in Figure 2. The comparative expression
profile between stage II and III showed 65 DEGs. Compared to the stage II group, 59 and
six genes were up- and down-regulated in the stage IV group, respectively. Moreover, a
total of 97 DEGs (78 up-regulated and 19 down-regulated) and 1061 (998 up-regulated
and 63 down-regulated) DEGs were identified in the FIII vs. FIV and FII vs. FIV groups,
respectively (Figure 2). Among these, the top 10 up- and down-regulated DEGs are
displayed in Table S2.

3.4. Functional Annotation and Pathway Analysis of DEGs

The results of the GO enrichment analysis showed that the DEGs were classified into
three main functional categories: Biological Process (BP), Molecular Function (MF), and
Cellular Component (CC). The enrichment of GO category terms in BP, CC, and MF between
three ovarian developmental stages are shown in Figure 3 and Table S3. In the FII vs. FIII,
FIII vs. FIV, and FII vs. FV comparison groups, cellular process (GO:0009987), metabolic
process (GO:0008152), response to stimulus (GO:0050896), biological regulation (GO:0065007),
and regulation of biological process (GO:0050789) were the most enriched GO terms in
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the BP category. Binding (GO:0005488), catalytic activity (GO:0003824), transporter activity
(GO:0005215), and molecular function regulator (GO:0098772) were highly ranked in the MF
category. In the CC category, cellular anatomical entity (GO:0110165), protein-containing
complex (GO:0032991), and virion component (GO:0044423) were markedly (Figure 3).

KEGG pathway enrichment analysis showed that 11 pathways were significantly
enriched (p < 0.05) in FII vs. FIII. The 11 pathways could be divided into four cat-
egories: environmental information processing (e.g., Viral protein interaction with cy-
tokine and cytokine receptor), metabolism (e.g., Caffeine metabolism), organismal systems
(e.g., complement and coagulation cascades, platelet activation, PPAR signaling pathway,
neutrophil extracellular trap formation, and cholesterol metabolism), and human diseases
(e.g., coronavirus disease-COVID-19 elt, (Figure 4A). For DEGs in FIII vs. FIV, metabolism
pathways (steroid hormone biosynthesis, thiamine metabolism, metabolic pathways, drug
metabolism-other enzymes, pyrimidine metabolism, and glycolysis/gluconeogenesis) and
ovarian steroidogenesis were significantly enriched (Figure 4B). Similar to FII vs. FIII,
54 pathways were found to be significantly enriched (p < 0.05) in the FII vs. FIV and could
also be divided into the five categories (Figure 4C). Among these pathways, complement
and coagulation cascades, pathways in cancer, focal adhesion, and pertussis pathways were
the most predominant. The significant KEGG enrichment pathways are listed in Table S5.
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Figure 2. Differentially expressed genes (DEGs) profiles in greater amberjack ovaries at different de-
velopmental stages (FII, FIII, and FIV). The DEGs (|log2(FC)| ≥ 1 and FDR < 0.05) of FII vs. FIII group,
FIII vs. FIV group, and FII vs. FIV.

3.5. Validation by qRT-PCR

To validate the RNA-seq data, 14 DEGs were randomly selected between three different
ovarian developmental stages (II, III, and IV) and quantitatively analyzed by qRT-PCR. The
findings revealed that the trends in gene expression among the three stage groups were
consistent with the observations from the RNA-seq data, validating the accuracy of the
RNA-seq analysis (Figure S3). We also examined 10 DEGs involved in steroid hormone
synthesis and cell growth based on the RNA-seq data, including cyp11a1, cyp17a1, cyp19a1a,
nr5a1, nr5a2, arb, adcy9, esr1, and pgr. These genes exhibited high expression levels in
mature oocytes (Figure 5).

To validate the RNA-seq data, 14 DEGs were randomly selected between three different
ovarian developmental stages (II, III, and IV) and quantitatively analyzed by qRT-PCR. The
findings revealed that the trends in gene expression among the three stage groups were
consistent with the observations from the RNA-seq data, validating the accuracy of the
RNA-seq analysis (Figure S3). We also examined 10 DEGs involved in steroid hormone
synthesis and cell growth based on the RNA-seq data, including cyp11a1, cyp17a1, cyp19a1a,
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nr5a1, nr5a2, arb, adcy9, esr1, and pgr. These genes exhibited high expression levels in
mature oocytes (Figure 5).
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Figure 3. Gene Ontology (GO) enrichment analysis of ovarian DEGs at different developmental
stages. (A) FII vs. FIII group, (B) FIII vs. FIV group, (C) FII vs. FIV group. The red and blue bars
represent the number of up- and down-regulated DEGs, respectively; the X and Y-axis represent the
enriched pathways and the number of DEGs, respectively.
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Figure 4. The most enriched KEGG pathway from greater amberjack ovarian DEGs at different
developmental stages. (A) FII vs. FIII group, (B) FIII vs. FIV group, (C) FII vs. FIV group. The
black circles represent the number of DEGs. The colors indicate the −log10(Q-value) of DEGs. The
horizontal axis is the ratio of KEGG pathway annotated DEGs to the total number of DEGs.
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Figure 5. Validation of DEGs related to ovarian development by qRT–PCR. The relative level of
mRNA transcripts was measured using qRT-PCR via the 2−∆∆Ct method. Data are expressed as
means ± standard error (SE) (n = 3). The reference gene used was β-actin. Different lowercase
letters above the error bars indicate statistical differences at p < 0.05 between different development
stages, as assessed by one-way analysis of variance (ANOVA) followed by Duncan’s post hoc test.
(A) Relative expression level of cyp11a1; (B) Relative expression level of cyp17a1; (C) Relative expres-
sion level of cyp19a1a; (D) Relative expression level of nr5a1; (E) Relative expression level of nr5a2;
(F) Relative expression level of ar; (G) Relative expression level of adcy9; (H) Relative expression level
of esr1; (I) Relative expression level of pgr.

3.6. Expression of Representative DEGs in Ovarian Growth and Development
3.6.1. Expression of DEGs Associated with Steroid Hormone Biosynthesis

Seven DEGs involved in steroid hormone biosynthesis were identified from the RNA-seq
data. No significant changes in the expression of these seven genes were observed between
stages II and III. However, six genes (cyp11a1, cyp17a1, cyp19a1a, hsd3b, adcy2, and adcy9)
were significantly up-regulated from stage III to stage IV, while the esr1 expression was not
significantly different. From stage II to stage IV, the expression of these seven genes was
significantly up-regulated (Figure 6).

3.6.2. Expression of DEGs Associated with Lipid Metabolism

The accumulation of lipids is an important aspect of follicle development. Based on
the KEGG pathway enrichment results, we identified four genes that may be associated
with lipid metabolism. From stage II to stage III, only the fabp10a expression level was
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significantly up-regulated, while other genes (plpp3, lpl, pld1) showed no significant changes.
From stage III to stage IV, only pld1 showed significant up-regulation, while other genes
(plpp3, lpl, fabp10a) showed no significant difference (Figure 7). In addition, all genes were
significantly up-regulated in stage IV compared to stage II.
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stage II, III, and IV ovary of greater amberjack. These data are based on the FPKM values obtained
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development stages, as assessed by one-way analysis of variance (ANOVA) followed by Duncan’s
post hoc test.

Animals 2025, 15, x FOR PEER REVIEW 11 of 23 
 

3.6. Expression of Representative DEGs in Ovarian Growth and Development 

3.6.1. Expression of DEGs Associated with Steroid Hormone Biosynthesis 

Seven DEGs involved in steroid hormone biosynthesis were identified from the 

RNA-seq data. No significant changes in the expression of these seven genes were ob-

served between stages II and III. However, six genes (cyp11a1, cyp17a1, cyp19a1a, hsd3b, 

adcy2, and adcy9) were significantly up-regulated from stage III to stage IV, while the esr1 

expression was not significantly different. From stage II to stage IV, the expression of these 

seven genes was significantly up-regulated (Figure 6). 

 

Figure 6. Bar graphs showing the expression of DEGs associated with steroid hormone synthesis in 

stage II, III, and IV ovary of greater amberjack. These data are based on the FPKM values obtained 

from the RNA-seq data. Data are expressed as means ± standard error (SE) (n = 3). Different lower-

case letters above the error bars indicate statistical differences at p < 0.05 between different develop-

ment stages, as assessed by one-way analysis of variance (ANOVA) followed by Duncan’s post hoc 

test. 

3.6.2. Expression of DEGs Associated with Lipid Metabolism 

The accumulation of lipids is an important aspect of follicle development. Based on 

the KEGG pathway enrichment results, we identified four genes that may be associated 

with lipid metabolism. From stage II to stage III, only the fabp10a expression level was 

significantly up-regulated, while other genes (plpp3, lpl, pld1) showed no significant 

changes. From stage III to stage IV, only pld1 showed significant up-regulation, while 

other genes (plpp3, lpl, fabp10a) showed no significant difference (Figure 7). In addition, all 

genes were significantly up-regulated in stage IV compared to stage II. 

 

Figure 7. Bar graphs showing the expression of DEGs involved in lipid metabolism in stage II, III, and IV
ovary of greater amberjack. Different lowercase letters above the error bars indicate statistical differences
at p < 0.05 between different development stages.

3.6.3. Expression of DEGs Associated with Meiotic Arrest and Resumption

The transcriptomic data identified nine DEGs (arb, ccnd2, adcy9, pgr, adcy2, myl9, calm1,
tgfb1, and pde3b) involved in meiotic arrest and resumption. These genes were classified
into two categories: genes associated with cell cycle and meiosis and those related to
cAMP or cGMP signaling pathway. There is no significant difference in the expression of
these nine genes between stage II and stage III. However, their expression levels showed
significant up-regulation in stage IV compared to stage II and III (Figure 8).
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Figure 8. Bar graphs showing the expression levels of DEGs involved in meiotic arrest and resumption
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3.6.4. Expression of DEGs Associated with Ovarian Developmental Pathways

In this study, some key signaling pathways related to ovarian growth and development
were identified from the transcriptome data, such as PI3K-Art (ccnd2, igf2, egfr, gh, and prlr),
Wnt (rhoad, ccn4, ccnd2, and wnt2b), TGF-beta (tgfb1, rhoad, thfbr2, and wnt2b), and GnRH
signaling pathway (map3k3, pld1, adcy9, cdc42, prkca, adcy2). Among these DEGs, the expression
levels of ccnd2, egfr, prlr, rhoad, ccn4, wnt2b, tgfb1, thfbr2, map3k3, pld1, adcy9, cdc42, prkca,
and adcy2 did not exhibit significant differences between stage II and III. However, their
expression levels were significantly up-regulated in stage IV compared to both stage II and III.
Additionally, the expression level of gh was significantly higher in stage II ovaries than in stage
III and IV. Furthermore, the igf2 mRNA levels in stage IV ovaries was significantly elevated
compared to stage II and III (Figure 9).
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4. Discussion
High-quality eggs are essential for the successful artificial reproduction of fish in the

aquaculture industry. Fish ovarian development has been extensively studied, providing a
theoretical basis for promoting the formation of mature eggs. In this study, we identified
DEGs in the ovaries at different stages of 2-year-old greater amberjack through RNA-seq.
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This methodology facilitated the identification of genes and pathways involved in the
molecular regulation of steroid hormone synthesis, lipid droplet and yolk production, and
meiosis in greater amberjack. The findings of this research enhance our understanding of
ovarian development regulation, which may be beneficial for artificial reproduction in this
economically important species.

4.1. The DEGs Involved in Steroid Hormone Synthesis

In this study, several DEGs associated with the steroid hormone biosynthesis in greater
amberjack were screened via the KEGG pathway, which are involved in the regulation of
ovarian development and maturation. The biosynthesis of steroid hormones is facilitated
by enzymes from two primary classes: cytochrome P450 monooxygenases (CYPs) and
hydroxysteroid dehydrogenases (HSDs) [36,37].

CYP11A1, CYP17A1, and CYP19A1A are three cytochrome P450 hydroxylases that
catalyze the successive steps of steroidogenesis in vertebrates [36,38]. The cholesterol
side-chain cleavage enzyme encoded by cyp11a1 facilitates the synthesis of pregnenolone,
which serves as a precursor for all steroid hormones and is essential for steroid hormone
synthesis in vertebrates. This enzyme also promotes follicular development and oocyte
maturation to some extent [39–41]. In black rock (Sebastes schlegelii), the expression of
cyp11a1 increases with gonadal development and is highly expressed in mature ovaries [41],
aligning with our research findings. 17 α-hydroxylase/17,20-lyase (Cyp17 or P450c17)
plays a crucial role in controlling steroid synthesis and is considered one of the key rate-
limiting enzymes in the steroid hormone biosynthetic pathway [42–44]. Teleosts typically
possess two Cyp17 subtypes, Cyp17a1 and Cyp17a2. Cyp17a1 exhibits both hydroxylase
and lyase activities, whereas Cyp17a2 is limited to hydroxylase activity [45,46]. In rainbow
trout and Japanese eel, cyp17a1 gene expression is significantly elevated during the mature
stage of ovarian development [47,48]. Additionally, in spotted scat and greater amberjack
ovaries, cyp17a1 expression levels show a progressive increase from stage II to stage IV [49].
Aromatases cytochrome (P450 arom/CYP19), also known as estrogen synthetase, catalyzes
the conversion of androgen into estrogen, which are crucial for gonadal differentiation
and sexual maturation [50–52]. In most teleosts, two types of cyp19 genes have been
identified in the gonad and brain: cyp19a1a and cyp19a1b. The cyp19a1a gene encodes the
gonad-specific aromatase, or ovarian aromatase, while cyp19a1b encodes the brain-specific
aromatase, or neural aromatase [53,54]. In the orange-spotted grouper (Epinephelus coioides),
mRNA expression of cyp19a1a was significantly enhanced at stages IV and V, showing
a trend consistent with the changes in estradiol (E2) content [55]. Similar results were
also observed in Japanese flounder and greater amberjack, where cyp19a1a expression
significantly increased from the ovary at stage II to stage IV [56]. These findings indicate
the essential role of cyp19a1a in estrogen synthesis, which regulates ovarian development,
maturation, and female reproduction in teleosts. Notably, foxl2, nr5a1, and nr5a2 are
considered upstream regulators of cyp19a1a [57,58]. In this experiment, the expression
of three upstream genes exhibited a similar trend of cyp19a1a, with a gradual increase in
expression (Table S6). This increase may facilitate the full expression of cyp19a1a, thereby
influencing estradiol production and contributing to follicle development and maturation
in the ovaries of greater amberjack.

The hsd3b gene encodes 3β-hydroxysteroi dehydrogenase/∆(5)-∆(4)-isomerase, which
catalyzes the synthesis of δ4 steroids in the adrenals and gonads, a necessary step in the biosyn-
thesis of sex hormones, glucocorticoids, and mineralocorticoids [59,60]. In adult medaka,
strong hsd3b mRNA signals are typically detected in the granulosa cells of vitellogenic ovarian
follicles, with hsd3b expression patterns correlating with the capacity for estrogen production
during folliculogenesis [61]. In greater amberjack, the expression level of hsd3b1 in stage
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IV ovaries is significantly higher than in stages II and III. Estrogen, a vital steroid hormone
in the reproductive process of vertebrates, primarily signals through specific intracellular
estrogen receptors (ERs), including esr1 (encoding ERα), esr2a, and esr2b (encoding ERβ1 and
ERβ2, respectively). The highest levels of esr1 expression are observed in the ovary and liver
tissues of yellow perch (Perca flavescens) [62]. Furthermore, in medaka and Korean rockfish
(Sebastes schlegelii), high levels of esr1, esr2a, and esr2b expression are observed during ovarian
development [63,64]. In greater amberjack, there is no significant difference in the expression
levels of esr2a and esr2b among the three stages of ovarian development (Table S6), while
the esr1 expression levels are significantly higher in stage IV than in stage II. This suggests
that the ovarian development process in greater amberjack may be more closely associated
with esr1. The findings of the current study indicate that the expression levels of genes in-
volved in steroid hormone biosynthesis increase as the ovary matures, peaking in stage IV
ovaries. This finding suggests that elevated hormone levels are essential for maintaining
ovarian function during maturation, thereby confirming the critical role of steroid hormones
in ovarian physiology.

4.2. The DEGs Involved in Lipid Metabolism

Different lipid droplets, also referred to as cortical granules, appear in the cytoplasm,
followed by the formation and accumulation of yolk granules [65] In Japanese floun-
der, transcriptome sequencing has revealed that numerous genes related to ovarian lipid
metabolism are up-regulated from the primary growth ovarian stage to the secondary
oocyte growth stage [65]. The gene lpl encodes lipoprotein lipase (LPL), which hydrolyzes
triglycerides carried by chylomicrons and very low-density lipoproteins (VLDLs) into
glycerol and fatty acids for storage and utilization by various tissues [66]. Lpl is predomi-
nantly expressed in tissues with a high demand for lipid oxidation or storage. In European
seabass (Dicentrarchus labrax L.), lpl mRNA expression is localized to the follicular cells
surrounding the oocyte, and higher lpl levels are observed in fish with increased ovarian
maturity. This suggests that lpl is essential for the formation and accumulation of lipo-
spheres in oocytes [67]. Herein, in stage IV ovaries, oocytes are filled with a large number
of lipid droplets, and the expression of lpl is significantly elevated, indicating that lpl plays
a conserved role in lipid absorption in greater amberjack oocytes. The fatty acid binding
protein (fabp) super-family influences lipid and energy metabolism, as well as inflammatory
responses, by regulating fatty acids and important intracellular signaling pathways [68].
The rainbow trout fabp10 gene has been implicated in the regulation of host cell lipid
deposition and liver metabolism [69]. Our findings of significant up-regulation of fabp10 in
greater amberjack stage III and IV ovaries further underscore its important role in ovarian
lipid synthesis. Phospholipid phosphatase 3, encoded by plpp3, is a key regulator of lipid
homeostasis, converting phosphatidic acid to diacylglycerol [70]. Phospholipase D (PLD)
is an enzyme that plays a central role in metabolic processes and signaling pathways in-
volving phospholipids [71]. In greater amberjack, the plpp3 and pld1 expression levels were
gradually increased from stage II to IV ovaries, indicating their role in regulating ovarian
phospholipids homeostasis.

4.3. The DEGs Involved in Meiotic Arrest and Resumption

In addition to the accumulation of nutrients and structural proteins in oocytes, many
genes associated with meiosis may increase their expression prior to the conclusion of
yolk production, ultimately facilitating ovarian maturation (meiosis resumption) [1,38]. In
greater amberjack, the genes arb, adcy9, pgr, pde3b, and mylf9 were predominantly enriched
in the oocyte meiosis pathway. In giant freshwater prawn (Macrobrachium rosenbergii),
estrogen-related receptor (ERR) may regulate ovarian development by influencing the
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expression of adenylate cyclase type 9 (adcy9) [72]. In the ovaries of ricefield eel and spotted
scat, the adcy genes exhibited peak expression during the middle vitellogenic (MV) and
late vitellogenic (LV) stages [15,38]. The androgen receptor (AR) has been identified as
crucial for the development of follicular granulosa cells [73]. In primates, the expression of
arb is positively correlated with granulosa cell proliferation and follicular growth, while
being negatively correlated with granulosa cell apoptosis and follicular atresia, indicating
that ar gene expression serves as a marker for healthy follicular growth [73]. Furthermore,
in situ hybridization (ISH) results demonstrated that AR-positive signals were detected in the
cytoplasm of all oocytes and in follicular cells of stage IV oocytes during the oogenesis process
of large yellow croaker (Larimichthys crocea) [74]. In the current study, the adcy9 and arb gene
have the highest levels observed in stage IV ovaries, suggesting their important role in
promoting follicular growth in greater amberjack. The progesterone receptor (PGR) is a
nuclear receptor primarily regulated by its specific ligand, progesterone [75]. It plays a
crucial role in the regulation of gonadal differentiation, gamete maturation, female ovu-
lation, and male ejaculation in teleosts [76]. In zebrafish, homozygous knockout of pgr
results in the failure of follicular cell rupture in mature follicles, leading to ovulation fail-
ure and female infertility [77]. In spotted scat, pgr is expressed in the early ovaries and
gradually increases, reaching its maximum expression level at sexual maturity [76], which
is consistent with our findings. Additionally, phosphodiesterase 3b (pde3b) was found
to be enriched in the progesterone-mediated oocyte maturation signaling pathway. In
mammals, increased oocyte PDE3 activity is essential for hydrolyzing cAMP to restore
meiosis [78]. Furthermore, PDE observed in the mature stage of paddy eel oocyte ovaries
may play a significantly role in the process of meiotic arrest and recovery [38]. Addi-
tional, in pigeons (Columba livia), myl3, myl6, and myl9 are strongly associated with the
promotion of preovulatory follicular maturation and ovulation [79]. Notably, many genes
(arb, adcy9, pgr, pde3b, and mylf9) associated with the cell cycle, meiosis, and cAMP or cGMP
synthesis and hydrolysis were up-regulated in stage IV ovaries compared to stage II and III,
suggesting that oocyte meiosis was potentially restarted, leading to maturity.

4.4. Signaling Pathways Related to Oocyte Development

The mechanism of oocyte development involves many factors and cellular signaling
pathways, including the Pl3K-Akt, the Wnt, the TGF-β, and the GnRH signaling pathways.
Researches have shown that the PI3K/Akt pathway is associated with ovarian function,
including primordial follicle recruitment, granulosa cell (GC) proliferation, corpus lu-
teum formation, and oocyte maturation [80]. The GH/IGFs axis plays a significant role
in influencing reproduction [81]. In the ovaries of mammals, growth hormone (GH) and
insulin-like growth factor (IGFs) are crucial for promoting follicle growth, oocyte matura-
tion, ovulation, and ovarian steroidogenesis [82–85]. In yellowtail (Seriola quinqueradiata),
igf1 and igf2 enhance the expression of cyp17a1 in the vitellogenic ovary via the PI3 kinase
pathway [86]. In greater amberjack, ovarian gh expression significantly decreased from
stage III to stage IV, while igf2 exhibition gradually increased from stage II to IV, mirroring
the expression pattern observed in zebrafish [81]. In contrast, ghr and igf2r are not expressed
in the ovary, indicating that gh and igf2 may indirectly influence ovarian development
in greater amberjack by regulating other tissues external to the ovary. Members of the
TGF-β superfamily have been identified as key regulating factors in the maturation of
oocytes [81]. This superfamily is implicated in the regulation of follicular maturation in
rainbow trout, potentially by influencing the synthesis and release of maturation-inducing
hormone (MIH) [87]. In greater amberjack, the expression levels of tgfb1 and tgfbr2 were
significantly elevated in stage IV compared to stage II and III, indicating their important
role in the later stages of follicular development. WNTs are a class of signaling molecules



Animals 2025, 15, 333 16 of 21

that can effectively regulate the development of the female reproductive system. In mam-
mals, WNT2 is expressed in granulosa cells throughout the entire follicular development
process, promoting follicular granulosa cell proliferation via the WNT/CTNNB1 signaling
pathway [88,89]. Notably, ovarian wnt2 expression levels gradually increased from stage II
to stage IV, indicating a potential association with granulosa cell proliferation and follicular
development in greater amberjack ovaries. The gonadotropin-releasing hormone (GnRH)
signaling pathway is critical in regulating the development and function of the repro-
ductive system [90]. Furthermore, both the GnRH and the Wnt signaling pathway have
been demonstrated to activate AP-1 (ERKs 1/2) within the MAPK pathway, which in turn
stimulates pituitary gonadotropin secretion and facilitates follicle development [91,92]. In
this study, most genes enriched in these pathways exhibited significant up-regulation from
stage II to stage IV, further supporting the role of these pathways in follicular development.

The female reproductive organs have an indispensable immunity that guarantees the
production of mature eggs of high quality. The innate and adaptive immune systems of
the ovaries and fallopian tubes are critical in preventing pathogenic infections [93]. In
greater amberjack, KEGG analysis indicated that the genes complement component 3 (c3),
complement factor B (cfb) and fibrinogen gamma chain (fgg) were predominantly enriched
in the complement and coagulation cascades, coronavirus disease-COVID-19, neutrophil
extracellular trap formation, and staphylococcus aureus infection pathway. In Black rockfish
(Sebastes schlegelii), both GO enrichment and KEGG analysis revealed that numerous DEGs
from pre-mating (PRM)-vs-post-mating (POM) were associated with immune-related path-
ways, including antigen processing and presentation, immune response, and complement
and coagulation cascade [94]. The functional annotation of ovarian fluid (OF) proteins in
Siberian sturgeon (Acipenser baeri) highlighted their significant association with immune
system processes, particularly the complement and coagulation cascade, neutrophil and
leukocyte-mediated immunity [95]. This complex immune system in sturgeon OF may
play vital roles in ovulation and in maintaining homeostasis following inflammation. Fur-
thermore, an analysis of the top 20 KEGG pathways revealed significant enrichment in
transcriptional misregulation in cancer, systemic lupus erythematosus, AGE-RAGE signal-
ing pathway in diabetic complications, and MicroRNAs in cancer at various developmental
stages of golden pompano ovaries [16]. These findings suggest that immune systems are
crucial for ovarian development, and the stable physiological environment necessary for
this development may be safeguarded against external pathogen threats through these
immune mechanisms.

To sum up, the majority of the identified DEGs associated with ovarian development in
greater amberjack did not exhibit significant differences between stage II (PG) and stage III (PV).
This observation suggests that the changes in ovarian phenotype from stage II to III are not
as pronounced as those observed from stage III to IV (MV). The secondary growth phase is
characterized by nutrient accumulation. During this stage, numerous genes involved in
steroid hormone biosynthesis (such as cyp11a1, cyp17a1, cyp19a1a, hsd3b1, and esr1), lipid
metabolism (such as plpp3, lpl, pld1, and fabp10a), and meiotic arrest and recovery (such as
pgr, arb, ccnd2, adcy2, adcy9, myl9, and calm1) are significantly upregulated in stage IV. This
up-regulation stimulates the formation of lipid droplets and yolk granules, as well as the
synthesis of sex steroid hormones, which are essential for subsequent maturation and early
embryonic development.

5. Conclusions
In this study, the expression profiles in greater amberjack ovaries at different devel-

opment stages (FII, FIII, and FIV stages) were analyzed by transcriptome. A total of 65,
97, and 1061 DEGs were identified in FII vs. FIII, FIII vs. FIV, and FII vs. FIV groups,
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respectively. Functional analysis revealed that the identified DEGs in the ovaries were
involved in steroid hormone biosynthesis, lipid metabolism, and meiotic arrest and re-
covery. Besides these DEGs, the PI3K-Akt, Wnt, TGF-β, and GnRH signaling pathways
have been identified as closely associated with the development and maturation of greater
amberjack ovaries. These findings provide a theoretical basis for studying the molecular
mechanisms underlying the oogenesis growth and maturation in greater amberjack, as well
as the artificial propagation for this species.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ani15030333/s1, Figure S1. Changes in ovarian GSI in
greater amberjack. FII: stage II (n = 3), FIII: stage III (n = 3), FIV: stage IV (n = 3); Different lowercase
letters (a, b) above the error bar indicate significant differences at p < 0.05 in ovarian GSI at different
developmental stages, as determined by one-way analysis of variance (ANOVA) and Duncan’s
post-hoc test. Figure S2. Principal component analysis (PCA) showing the differences between
biological groups at different stages of ovarian development. Figure S3. Validation of the expression
of 8 up-regulated and 5 down-regulated DEGs using qPCR. Table S1. Sample measurement infor-
mation. Table S2. Primer sequences used in this study. Table S3. Top ten up and down-regulated
DEGs of ovaries in greater amberjack. Table S4. GO analysis of DEGs in the FII vs. FIII, FIII vs. FIV,
and FII vs. FIV comparison groups. Table S5. DEGs of significantly enriched KEGG-Categories at
different ovarian development stages. Table S6. Gene expression at different stages.

Author Contributions: J.Y. and X.R.: Writing the first draft, Data Curation, Formal analysis.
T.Y., P.C., J.L. and K.Z.: Investigation, Visualization, Supervision. X.R.: Writing—Review and
Editing. Y.H. and C.Z.: Resources. C.Z.: Conceptualization, Methodology. C.Z., Y.H. and J.W.:
Funding acquisition, Project administration. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was financed by the fund of Guangdong Ocean University (030301022301),
Southern Marine Science and Engineering Guangdong Laboratory (Zhanjiang) (ZJW-2023-10), Research
on breeding technology of candidate species for Guangdong modern marine ranching (2024-MRB-00-001).

Institutional Review Board Statement: All experiments were performed in accordance with the
requirements of the Animal Research and Ethics Committee of the Institute of Aquatic Animals,
Guangdong Ocean University. (202304001, approved on 5 April 2023).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available upon
reasonable request. The raw reads used in this article have been deposited into the Sequence Read
Archive (SRA) of the NCBI database under BioProject accession number: PRJNA1138641.

Acknowledgments: We acknowledge all funders of this work.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Lubzens, E.; Young, G.; Bobe, J.; Cerdà, J. Oogenesis in teleosts: How fish eggs are formed. Gen. Comp. Endocrinol. 2010, 165, 367–389.

[CrossRef] [PubMed]
2. Jia, Y.; Nan, P.; Zhang, W.; Wang, F.; Zhang, R. Transcriptome analysis of three critical periods of ovarian development in yellow

river carp (Cyprinus carpio). Theriogenology 2018, 105, 15–26. [CrossRef] [PubMed]
3. Picton, H.; Briggs, D.; Gosden, R. The molecular basis of oocyte growth and development. Mol. Cell. Endocrinol. 1998, 145, 27–37.

[CrossRef] [PubMed]
4. Selman, K.; Wallace, R.A.; Sarka, A.; Qi, X. Stages of oocyte development in the zebrafish, Brachydanio rerio. J. Morphol. 1993, 218, 203–224.

[CrossRef] [PubMed]
5. Jiao, S.; He, M.; Sun, Y. Research progress and several key scientific questions in studies of fish egg quality. ACTA Hydrobiol. Sinica

2023, 47, 1007–1024. [CrossRef]

https://www.mdpi.com/article/10.3390/ani15030333/s1
https://doi.org/10.1016/j.ygcen.2009.05.022
https://www.ncbi.nlm.nih.gov/pubmed/19505465
https://doi.org/10.1016/j.theriogenology.2017.08.027
https://www.ncbi.nlm.nih.gov/pubmed/28923703
https://doi.org/10.1016/S0303-7207(98)00166-X
https://www.ncbi.nlm.nih.gov/pubmed/9922096
https://doi.org/10.1002/jmor.1052180209
https://www.ncbi.nlm.nih.gov/pubmed/29865471
https://doi.org/10.7541/2023.2022.0454


Animals 2025, 15, 333 18 of 21

6. Sullivan, C.V.; Yilmaz, O. Vitellogenesis and yolk proteins, fish. RBK 2018, 6, 266–277. [CrossRef]
7. Zhao, Y.F.; Ma, A.J.; Wang, X.A.; Sun, Z.B.; Wen, H.S. Advances in the evaluation of oviparous fish egg development potential.

Mar. Sci. 2016, 40, 157–167.
8. Tata, J.R. Coordinated assembly of the developing egg. Bioessays 1986, 4, 197–201. [CrossRef]
9. Xu, W.G.; Liu, L.M.; Wang, J.L.; Zhang, J.B.; Yu, W.S.; Manabe, S.; Tang, Y.Z. Effects of water temperature and photope-

riod on sex maturation and fshβ and lhβ gene expression in the yellowtail Seriola quinqueradiata. J. Dalian Ocean. Univ.
2022, 37, 42–48. [CrossRef]

10. Zakeri, M.; Kochanian, P.; Marammazi, J.G.; Yavari, V.; Savari, A.; Haghi, M. Effects of dietary n-3 HUFA concentrations on
spawning performance and fatty acids composition of broodstock, eggs and larvae in yellowfin sea bream, Acanthopagrus latus.
Aquaculture 2011, 310, 388–394. [CrossRef]

11. Callan, C.K.; Laidley, C.W.; Kling, L.J.; Breen, N.E.; Rhyne, A.L. The effects of dietary HUFA level on flame angelfish
(Centropyge loriculus) spawning, egg quality and early larval characteristics. Aquac. Res. 2012, 45, 1176–1186. [CrossRef]

12. Zhou, L.; Yao, B.; Xia, W.; Li, C.J.; Wang, Y.; Shi, Y.H.; Gui, J.F. EST-based identification of genes expressed in the hypothalamus of
male orange-spotted grouper (Epinephelus coioides). Aquaculture 2006, 256, 129–139. [CrossRef]

13. Yan, K.W.; Ma, X.D.; Shi, B.; Cheng, H.L.; Wang, C.N.; Zhao, X.Y. Cloning and expression analysis of clock genes during ovarian
development and maturation of tongue sole (Cynoglossus semilaevis). Prog. Fish Sci. 2024, 45, 101–116. [CrossRef]

14. Crespo, B.; Lan-Chow-Wing, O.; Rocha, A.; Zanuy, S.; Gómez, A. Foxl2 and Foxl3 are two ancient paralogs that remain fully
functional in teleosts. Gen. Comp. Endocrinol. 2013, 194, 81–93. [CrossRef]

15. Jiang, M.Y.; Zhou, Y.F.; Liu, H.; Peng, Y.X.; Huang, Y.Q.; Deng, S.P.; Huang, Y.; Shi, G.; Zhu, C.H.; Li, G.L.; et al. Transcrip-
tomic analysis provides new insights into the secondary follicle growth in spotted scat (Scatophagus argus). Front. Mar. Sci.
2023, 10, 1114872. [CrossRef]

16. Li, W.; He, P.P.; Wei, P.Y.; Zhu, P.; Jiang, W.M.; Hu, S.H.; Wei, Y.C.; Wei, M.L.; Peng, J.X. Transcriptome analysis of ovaries at the
different developmental stages of Trachinotus ovatus. J. South Agric. 2022, 53, 714–724. [CrossRef]

17. Lavecchia, A.; De Virgilio, C.; Mansi, L.; Manzari, C.; Mylonas, C.C.; Picardi, E.; Pousis, C.; Cox, S.N.; Ventriglia, G.; Zupa, R.;
et al. Comparison of ovarian mRNA expression levels in wild and hatchery-produced greater amberjack Seriola dumerili. Sci. Rep.
2024, 14, 18034. [CrossRef]

18. Lavecchia, A.; Manzari, C.; Pousis, C.; Mansi, L.; Cox, S.N.; Mylonas, C.C.; Zupa, R.; Lo Giudice, C.; De Virgilio, C.; Picardi, E.;
et al. Dysregulation of testis mRNA expression levels in hatchery-produced vs wild greater amberjack Seriola dumerili. Sci. Rep.
2023, 13, 13662. [CrossRef]

19. Andaloro, F.; Pipitone, C. Food and feeding habits of the amberjack, Seriola dumerili in the Central Mediterranean Sea during the
spawning season. Cah. Biol. Mar. 1997, 38, 91–96.

20. Harris, P.J.; Wyanski, D.M.; White, D.B.; Mikell, P.P.; Eyo, P.B. Age, growth, and reproduction of greater amberjack off the
southeastern U.S. Atlantic coast. Trans. Am. Fish. Soc. 2007, 136, 1534–1545. [CrossRef]

21. Hasegawa, T.; Lu, C.P.; Hsiao, S.T.; Uchino, T.; Sakakura, Y. Distribution and genetic variability of young-of-the-year greater
amberjack (Seriola dumerili) in the East China Sea. Environ. Biol. Fish 2020, 103, 833–846. [CrossRef]

22. Mylonas, C.C.; Papandroulakis, N.; Smboukis, A.; Papadaki, M.; Divanach, P. Induction of spawning of cultured greater amberjack
(Seriola dumerili) using GnRHa implants. Aquaculture 2004, 237, 141–154. [CrossRef]

23. Fakriadis, I.; Miccoli, A.; Karapanagiotis, S.; Tsele, N.; Mylonas, C.C. Optimization of a GnRHa treatment for spawning
commercially reared greater amberjack Seriola dumerili dose response and extent of the reproductive season. Aquaculture
2020, 521, 735011. [CrossRef]

24. Fakriadis, I.; Lisi, F.; Sigelaki, I.; Papadaki, M.; Mylonas, C.C. Spawning kinetics and egg/larval quality of greater amberjack
(Seriola dumerili) in response to multiple GnRHa injections or implants. Gen. Comp. Endocrinol. 2019, 279, 78–87. [CrossRef] [PubMed]

25. Fakriadis, I.; Mylonas, C.C. Sperm quality of greater amberjack Seriola dumerili throughout the reproductive season and in
response to GnRHa treatment with controlled release implants. Fish Physiol. Biochem. 2021, 47, 281–292. [CrossRef] [PubMed]

26. Lancerotto, S.; Fakriadis, I.; Papadaki, M.; Mandalakis, M.; Sigelaki, I.; Mylonas, C.C. Timing of puberty in f1-generation
hatchery-produced greater amberjack (Seriola dumerili). Gen. Comp. Endocrinol. 2024, 347, 114414. [CrossRef]

27. Ventriglia, G.; Fakriadis, I.; Papadaki, M.; Zupa, R.; Pousis, C.; Mandalakis, M.; Corriero, A.; Mylonas, C.C. Effects of different
hormonal treatments on spermatogenesis advancement in hatchery-produced greater amberjack Seriola dumerili (Risso 1810).
Gen. Comp. Endocrinol. 2024, 348, 114447. [CrossRef]

28. Zupa, R.; Rodríguez, C.; Mylonas, C.C.; Rosenfeld, H.; Fakriadis, I.; Papadaki, M.; Pérez, J.A.; Pousis, C.; Basilone, G.; Corriero,
A. Comparative study of reproductive development in wild and captive-reared greater amberjack Seriola dumerili (Risso, 1810).
PLoS ONE 2017, 12, e0169645. [CrossRef]

29. Papadaki, M.; Mylonas, C.C.; Sarropoulou, E. MicroRNAs are involved in ovarian physiology of greater amberjack (Seriola dumerili)
under captivity. Gen. Comp. Endocrinol. 2024, 357, 114581. [CrossRef]

https://doi.org/10.1016/B978-0-12-809633-8.20567-0
https://doi.org/10.1002/bies.950040503
https://doi.org/10.16535/j.cnki.dlhyxb.2021-072
https://doi.org/10.1016/j.aquaculture.2010.11.009
https://doi.org/10.1111/are.12063
https://doi.org/10.1016/j.aquaculture.2006.01.022
https://doi.org/10.19663/j.issn2095-9869.20221230001
https://doi.org/10.1016/j.ygcen.2013.08.016
https://doi.org/10.3389/fmars.2023.1114872
https://doi.org/10.3969/j.issn.2095-1191.2022.03.013
https://doi.org/10.1038/s41598-024-69091-2
https://doi.org/10.1038/s41598-023-40597-5
https://doi.org/10.1577/T06-113.1
https://doi.org/10.1007/s10641-020-00985-6
https://doi.org/10.1016/j.aquaculture.2004.04.015
https://doi.org/10.1016/j.aquaculture.2020.735011
https://doi.org/10.1016/j.ygcen.2018.12.007
https://www.ncbi.nlm.nih.gov/pubmed/30571964
https://doi.org/10.1007/s10695-020-00910-9
https://www.ncbi.nlm.nih.gov/pubmed/33405066
https://doi.org/10.1016/j.ygcen.2023.114414
https://doi.org/10.1016/j.ygcen.2024.114447
https://doi.org/10.1371/journal.pone.0169645
https://doi.org/10.1016/j.ygcen.2024.114581


Animals 2025, 15, 333 19 of 21

30. Shi, H.; Ru, X.; Mustapha, U.F.; Jiang, D.; Huang, Y.; Pan, S.; Zhu, C.; Li, G. Characterization, expression, and regulatory effects of
nr0b1a and nr0b1b in spotted scat (Scatophagus argus). Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2021, 256, 110644. [CrossRef]

31. Wang, T. Study on the mechanism of dietary fish oil on ovarian development in broodstock spotted scat (Scatophagus argus).
Ph.D. Thesis, Guangdong Ocean University, Zhanjiang, China, 2023.

32. Araki, K.; Aokic, J.Y.; Kawase, J.; Hamada, K.; Ozaki, A.; Fujimoto, H.; Yamamoto, I.; Usuki, H. Whole genome sequencing of
greater amberjack (Seriola dumerili) for SNP identification on aligned scaffolds and genome structural variation analysis using
parallel resequencing. Int. J. Genom. 2018, 28, 7984292. [CrossRef] [PubMed]

33. Ru, X.; Huang, Y.; Shi, H.; Peng, Y.; Hao, R.; Yang, T.; Zhu, K.; Li, G.; Zhu, C. RNA-Seq of hypo- and hyper-salinity stress-response
transcriptome in the liver of greater amberjack (Seriola dumerili) juveniles. Aquac. Rep. 2023, 29, 101498. [CrossRef]

34. Pousis, C.; Mylonas, C.C.; De Virgilio, C.; Gadaleta, G.; Santamaria, N.; Passantino, L.; Zupa, R.; Papadaki, M.; Fakriadis, I.;
Ferreri, R.; et al. The observed oogenesis impairment in greater amberjack Seriola dumerili (Risso, 1810) reared in captivity is not
related to an insufficient liver transcription or oocyte uptake of vitellogenin. Aquac. Res. 2018, 49, 243–252. [CrossRef]

35. Sarropoulou, E.; Sundaram, A.Y.M.; Kaitetzidou, E.; Kotoulas, G.; Gilfillan, G.D.; Papandroulakis, N.; Mylonas, C.C.;
Magoulas, A. Full genome survey and dynamics of gene expression in the greater amberjack Seriola dumerili. Gigascience
2017, 6, 1–13. [CrossRef]

36. Goldstone, J.V.; Sundaramoorthy, M.; Zhao, B.; Waterman, M.R.; Stegeman, J.J.; Lamb, D.C. Genetic and structural analyses of
cytochrome P450 hydroxylases in sex hormone biosynthesis: Sequential origin and subsequent coevolution. Mol. Phylogenet. Evol.
2016, 94, 676–687. [CrossRef]

37. Payne, A.H.; Hales, D.B. Overview of Steroidogenic Enzymes in the pathway from cholesterol to active steroid hormones.
Endocr. Rev. 2004, 25, 947–970. [CrossRef]

38. Meng, F.; Sun, S.; Xu, X.; Yu, W.; Gan, R.; Zhang, L.; Zhang, W. Transcriptomic analysis provides insights into the growth and
maturation of ovarian follicles in the ricefield eel (Monopterus albus). Aquaculture 2022, 555, 738251. [CrossRef]

39. Reshma, K.J.; Sumithra, T.G.; Vishnu, B.; Jyothi, R.; Ratheesh Kumar, R.; Pootholathil, S.; Sanil, N.K. Indexing serum
biochemical attributes of Lutjanus argentimaculatus (Forsskal, 1775) to instrument in health assessment. Aquac. Res.
2020, 51, 2590–2602. [CrossRef]

40. Bai, X.Y.; Zhou, W.; Zhao, X.L.; Hu, K.; Wang, R.T.; Jiang, Y.F.; Xiao, Z.; Wang, W.H.; Han, Z.P.; Tuo, Y.L.; et al. The differential
expression of CYP11A1 mRNA in different diameter antral follicles. Chin. J. Anim. Sci. 2023, 59, 210–213+237. [CrossRef]

41. Wang, X.; Wen, H.; Li, Y.; Lyu, L.; Song, M.; Zhang, Y.; Li, J.; Yao, Y.; Li, J.; Qi, X. Characterization of CYP11A1 and Its potential
role in sex asynchronous gonadal development of viviparous black rockfish Sebastes schlegelii (Sebastidae). Gen. Comp. Endocrinol.
2021, 302, 113689. [CrossRef]

42. Zhou, L.; Li, M.; Wang, D. Role of Sex Steroids in Fish Sex Determination and Differentiation as revealed by gene editing.
Gen. Comp. Endocrinol. 2021, 313, 113893. [CrossRef] [PubMed]

43. Zhou, Y.F.; Jiang, Z.T.; Li, Y.; Jiao, K.Z.; Pan, S.H.; Xu, R.; Li, G.L.; Jiang, D.N. Effect of DNA methylation modification on
expression level of cyp17a1 in ovary of spotted scat (Scatophagus argus). J. Guangdong Ocean Univ. 2024, 44, 46–53.

44. Meng, L.; Yu, H.; Qu, J.; Niu, J.; Ni, F.; Han, P.; Yu, H.; Wang, X. Two cyp17 genes perform different functions in the sex hormone
biosynthesis and gonadal differentiation in Japanese Flounder (Paralichthys olivaceus). Gene 2019, 702, 17–26. [CrossRef]

45. Zhou, L.Y.; Wang, D.S.; Kobayashi, T.; Yano, A.; Paul, P.B.; Suzuki, A.; Sakai, F.; Nagahama, Y. A novel type of p450c17
lacking the lyase activity is responsible for c21-steroid biosynthesis in the fish ovary and head kidney. Endocrinology
2007, 148, 4282–4291. [CrossRef]

46. Zhou, L.; Wang, D. Characterization, expression and transcriptional regulation of p450c17-i and -ii in the medaka, Oryzias Latipes.
Biochem. Biophys. Res. Commun. 2007, 362, 619–625. [CrossRef]

47. Kazeto, Y.; Ijiri, S.; Todo, T.; Adachi, S.; Yamauchi, K. Molecular cloning and characterization of Japanese eel ovarian p450c17
(CYP17) cDNA. Gen. Comp. Endocrinol. 2000, 118, 123–133. [CrossRef]

48. Sakai, N.; Tanaka, M.; Adachi, S.; Miller, W.L.; Nagahama, Y. Rainbow trout cytochrome p-450c17 (17 alpha-hydroxylase/17,20-
lyase). cDNA cloning, enzymatic properties and temporal pattern of ovarian p-450c17 mRNA expression during oogenesis.
FEBS Lett. 1992, 301, 60–64. [CrossRef]

49. Zhai, Y.; Liu, J.Y.; Jia, L.Y.; Jiang, D.N.; Chen, H.P.; Li, G.L.; Deng, S.P. Cloning, tissue distribution and expression of cyp17a1 at
different ovarian development stages in spotted scat (Scatophagus argus). J. Guangdong Ocean Univ. 2018, 38, 1–7.

50. Ma, X.; Liu, Q.; Wang, L.M.; Wu, L.M.; Liu, H.F.; Li, X.J. A review on cyp19a1 function in sex differentiation and development
of fish. J. Henan Normal Univ. 2019, 47, 96–101+111. [CrossRef]

51. Zhang, W.; Lu, H.; Jiang, H.; Li, M.; Zhang, S.; Liu, Q.; Zhang, L. Isolation and characterization of cyp19a1a and
cyp19a1b promoters in the protogynous hermaphrodite orange-spotted grouper (Epinephelus coioides). Gen. Comp. Endocrinol.
2012, 175, 473–487. [CrossRef]

52. Conley, A.; Hinshelwood, M. Mammalian Aromatases. Reproduction 2001, 121, 685–695. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cbpb.2021.110644
https://doi.org/10.1155/2018/7984292
https://www.ncbi.nlm.nih.gov/pubmed/29785397
https://doi.org/10.1016/j.aqrep.2023.101498
https://doi.org/10.1111/are.13453
https://doi.org/10.1093/gigascience/gix108
https://doi.org/10.1016/j.ympev.2015.09.012
https://doi.org/10.1210/er.2003-0030
https://doi.org/10.1016/j.aquaculture.2022.738251
https://doi.org/10.1111/are.14601
https://doi.org/10.19556/j.0258-7033.20220821-01
https://doi.org/10.1016/j.ygcen.2020.113689
https://doi.org/10.1016/j.ygcen.2021.113893
https://www.ncbi.nlm.nih.gov/pubmed/34454946
https://doi.org/10.1016/j.gene.2019.02.104
https://doi.org/10.1210/en.2007-0487
https://doi.org/10.1016/j.bbrc.2007.08.044
https://doi.org/10.1006/gcen.1999.7449
https://doi.org/10.1016/0014-5793(92)80210-8
https://doi.org/10.16366/j.cnki.1000-2367.2019.05.015
https://doi.org/10.1016/j.ygcen.2011.12.005
https://doi.org/10.1530/rep.0.1210685
https://www.ncbi.nlm.nih.gov/pubmed/11427156


Animals 2025, 15, 333 20 of 21

53. Sudhakumari, C.C.; Senthilkumaran, B.; Kobayashi, T.; Kajiura-Kobayashi, H.; Wang, D.S.; Yoshikuni, M.; Nagahama, Y. Ontogenic
expression patterns of several nuclear receptors and cytochrome p450 aromatases in brain and gonads of the nile tilapia Oreochromis
Niloticus suggests their involvement in sex differentiation. Fish Physiol. Biochem. 2005, 31, 129–135. [CrossRef] [PubMed]

54. Tang, B.; Hu, W.; Hao, J.; Zhu, Z. Developmental expression of steroidogenic factor-1, cyp19a1a and cyp19a1b from common carp
(Cyprinus carpio). Gen. Comp. Endocrinol. 2010, 167, 408–416. [CrossRef]

55. Hu, X.; Liu, X.; Zhang, Y.; Li, S.; Lin, H. Expression Profiles of Gonadotropin Receptors during Ovary Development in the
Orange-Spotted Grouper (Epinephelus coioides). J. Fish. Sci. China 2012, 19, 915–922. [CrossRef]

56. Si, Y.; Ding, Y.; He, F.; Wen, H.; Li, J.; Zhao, J.; Huang, Z. DNA methylation level of cyp19a1a and foxl2 gene related to their
expression patterns and reproduction traits during ovary development stages of Japanese flounder (Paralichthys olivaceus). Gene
2016, 575, 321–330. [CrossRef]

57. Lu, H.; Zhang, S.; Liu, Q.; Zhang, L.; Zhang, W. Cytoplasmic localization of Lrh-1 down-regulates ovarian follicular cyp19a1a
expression in a teleost, the orange-spotted grouper Epinephelus coioides. Biol. Reprod. 2014, 91, 29. [CrossRef]

58. Shi, B.; Lu, H.; Zhang, L.; Zhang, W. A Homologue of Nr5a1 activates cyp19a1a transcription additively with Nr5a2 in ovarian
follicular cells of the orange-spotted grouper. Mol. Cell. Endocrinol. 2018, 460, 85–93. [CrossRef]

59. Lin, J.C.; Hu, S.; Ho, P.H.; Hsu, H.J.; Postlethwait, J.H.; Chung, B. Two zebrafish hsd3b genes are distinct in function, expression,
and evolution. Endocrinology 2015, 156, 2854–2862. [CrossRef]

60. Simard, J.; Ricketts, M.-L.; Gingras, S.; Soucy, P.; Feltus, F.A.; Melner, M.H. Molecular biology of the 3beta-hydroxysteroid
dehydrogenase/delta5-delta4 isomerase gene family. Endocr. Rev. 2005, 26, 525–582. [CrossRef]

61. Nakamoto, M.; Fukasawa, M.; Tanaka, S.; Shimamori, K.; Suzuki, A.; Matsuda, M.; Kobayashi, T.; Nagahama, Y.; Shibata, N.
Expression of 3β-hydroxysteroid dehydrogenase (hsd3b), star and ad4bp/sf-1 during gonadal development in medaka (Oryzias latipes).
Gen. Comp. Endocrinol. 2012, 176, 222–230. [CrossRef]

62. Lynn, S.G.; Birge, W.J.; Shepherd, B.S. Molecular characterization and sex-specific tissue expression of estrogen receptor alpha
(esr1), estrogen receptor betaa (esr2a) and ovarian aromatase (cyp19a1a) in yellow perch (Perca flavescens). Comp. Biochem. Physiol.
B Biochem. Mol. Biol. 2008, 149, 126–147. [CrossRef] [PubMed]

63. Mu, W.J.; Wen, H.S.; Shi, D.; Yang, Y.P. Molecular cloning and expression analysis of estrogen receptor betas (ERβ1 and ERβ2)
during gonad development in the Korean rockfish, Sebastes schlegeli. Gene 2013, 523, 39–49. [CrossRef] [PubMed]

64. Chakraborty, T.; Shibata, Y.; Zhou, L.-Y.; Katsu, Y.; Iguchi, T.; Nagahama, Y. Differential expression of three estrogen receptor
subtype mRNAs in gonads and liver from embryos to adults of the medaka, Oryzias latipes. Mol. Cell. Endocrinol. 2011, 333, 47–54.
[CrossRef] [PubMed]

65. Qu, J.; Li, R.; Xie, Y.; Liu, Y.; Liu, J.; Zhang, Q. Differential transcriptomic profiling provides new insights into oocyte development
and lipid droplet formation in Japanese flounder (Paralichthys olivaceus). Aquaculture 2022, 550, 737843. [CrossRef]

66. Hiramatsu, N.; Luo, W.; Reading, B.J.; Sullivan, C.V.; Mizuta, H.; Ryu, Y.-W.; Nishimiya, O.; Todo, T.; Hara, A. Multiple ovarian
lipoprotein receptors in teleosts. Fish Physiol. Biochem. 2013, 39, 29–32. [CrossRef]

67. José Ibáñez, A.; Peinado-Onsurbe, J.; Sánchez, E.; Cerdá-Reverter, J.M.; Prat, F. Lipoprotein lipase (LPL) is highly expressed and
active in the ovary of European sea bass (Dicentrarchus labrax L.), during Gonadal Development. Comp. Biochem. Physiol. A Mol.
Integr. Physiol. 2008, 150, 347–354. [CrossRef]

68. Esteves, A.; Knoll-Gellida, A.; Canclini, L.; Silvarrey, M.C.; André, M.; Babin, P.J. Fatty acid binding proteins have the potential to
channel dietary fatty acids into enterocyte nuclei. J. Lipid Res. 2016, 57, 219–232. [CrossRef]

69. Ren, G.; Lin, Y.; Xu, L.; Zhao, J.; Shao, Y.; Lu, T. Construction of eukaryotic expression vector, bioinformatics and tissue expression
analysis of rainbow trout (Oncorhynchus mykiss) fabp10 Gene. Chin. J. Fish. 2023, 36, 1–7.

70. Montané-Romero, M.E.; Martínez-Silva, A.V.; Poot-Hernández, A.C.; Escalante-Alcalde, D. Plpp3, a novel regulator of pluripo-
tency exit and endodermal differentiation of mouse embryonic stem cells. Biol. Open 2023, 12, bio059665. [CrossRef]

71. Park, S.H.; Kang, J.H.; Bae, Y.-S. The role and regulation of phospholipase D in metabolic disorders. Adv. Biol. Regul.
2024, 91, 100988. [CrossRef]

72. Yang, G.; Qin, Z.; Lu, Z.; Liang, R.; Zhao, L.; Pan, G.; Lin, L.; Zhang, K. Comparative transcriptomics of gonads reveals the
molecular mechanisms underlying gonadal development in giant freshwater prawns (Macrobrachium rosenbergii). J. Mar. Sci. Eng.
2022, 10, 737. [CrossRef]

73. Weil, S.J.; Vendola, K.; Zhou, J.; Adesanya, O.O.; Wang, J.; Okafor, J.; Bondy, C.A. Androgen receptor gene expression in the
primate ovary: Cellular localization, regulation, and functional correlations. J. Clin. Endocrinol. Metab. 1998, 83, 2479–2485.
[CrossRef] [PubMed]

74. Pu, L.; Han, K.; Xie, F.; Zou, Z.; Close, D.; Zhang, Z.; Wang, Y. Molecular cloning, characterization, and gene expression of the
androgen receptor in the large yellow croaker, Larimichthys crocea. Fish Physiol. Biochem. 2013, 39, 309–324. [CrossRef] [PubMed]

75. Shi, H.J.; Ru, X.Y.; Liu, Y.Q.; Zheng, Y.; Wu, X.H.; Huang, Y.; Li, G.L.; Jiang, D.N. Transcriptomic analysis of hypothalamus in
female Scatophagus Argus after 17-estradiol Injection. J. Guangdong Ocean Univ. 2021, 41, 76–85.

https://doi.org/10.1007/s10695-006-0014-5
https://www.ncbi.nlm.nih.gov/pubmed/20035446
https://doi.org/10.1016/j.ygcen.2010.03.017
https://doi.org/10.3724/SP.J.1118.2012.00915
https://doi.org/10.1016/j.gene.2015.09.006
https://doi.org/10.1095/biolreprod.114.117952
https://doi.org/10.1016/j.mce.2017.07.008
https://doi.org/10.1210/en.2014-1584
https://doi.org/10.1210/er.2002-0050
https://doi.org/10.1016/j.ygcen.2012.01.019
https://doi.org/10.1016/j.cbpb.2007.09.001
https://www.ncbi.nlm.nih.gov/pubmed/17988912
https://doi.org/10.1016/j.gene.2013.03.109
https://www.ncbi.nlm.nih.gov/pubmed/23587909
https://doi.org/10.1016/j.mce.2010.12.002
https://www.ncbi.nlm.nih.gov/pubmed/21146584
https://doi.org/10.1016/j.aquaculture.2021.737843
https://doi.org/10.1007/s10695-012-9612-6
https://doi.org/10.1016/j.cbpa.2008.04.598
https://doi.org/10.1194/jlr.M062232
https://doi.org/10.1242/bio.059665
https://doi.org/10.1016/j.jbior.2023.100988
https://doi.org/10.3390/jmse10060737
https://doi.org/10.1210/jcem.83.7.4917
https://www.ncbi.nlm.nih.gov/pubmed/9661631
https://doi.org/10.1007/s10695-012-9701-6
https://www.ncbi.nlm.nih.gov/pubmed/22864706


Animals 2025, 15, 333 21 of 21

76. Shi, H.J.; Huang, J.X.; Zhu, C.Y.; Wu, J.G.; He, F.X.; Jiang, D.N.; Huang, Y.; Zhu, C.H.; Li, G.L. Molecular Cloning, Identification
and expression analysis of progesterone receptor gene in spotted scat Scatophagus argus. Fish. Sci. 2022, 41, 23–34. [CrossRef]

77. Wu, X.J.; Zhu, Y. Downregulation of nuclear progestin receptor (Pgr) and subfertility in double knockouts of progestin receptor
membrane component 1 (Pgrmc1) and Pgrmc2 in zebrafish. Gen. Comp. Endocrinol. 2020, 285, 113275. [CrossRef]

78. Gilchrist, R.B.; Luciano, A.M.; Richani, D.; Zeng, H.T.; Wang, X.; Vos, M.D.; Sugimura, S.; Smitz, J.; Richard, F.J.; Thompson, J.G.
Oocyte maturation and quality: Role of cyclic nucleotides. Reproduction 2016, 152, R143–R157. [CrossRef]

79. Lu, L.; Zhang, L.; Zeng, T.; Du, X.; Tao, Z.; Li, G.; Zhong, S.; Wen, J.; Zhou, C.; Xu, X. Transcriptome analyses of potential
regulators of pre- and post-ovulatory follicles in the pigeon (Columba livia). Reprod. Fertil. Dev. 2022, 34, 689–697. [CrossRef]

80. Li, J.; Jiao, Y.; Shi, D. Research progress of PI3K/Akt signaling pathway on follicular development and oocyte maturation. Chin. J.
Anim. Husb. 2021, 57, 33–37.

81. Zhou, R.; Yu, S.M.Y.; Ge, W. Expression and functional characterization of intrafollicular GH–IGF system in the zebrafish ovary.
Gen. Comp. Endocrinol. 2016, 232, 32–42. [CrossRef]

82. Bevers, M.M.; Izadyar, F. Role of growth hormone and growth hormone receptor in oocyte maturation. Mol. Cell. Endocrinol.
2002, 197, 173–178. [CrossRef] [PubMed]

83. Kołodziejczyk, J.; Gregoraszczuk, E.L.; Leibovich, H.; Gertler, A. Different action of ovine GH on porcine theca and granulosa
cells proliferation and insulin-like growth factors I- and II-stimulated estradiol production. Reprod. Biol. 2001, 1, 33–41. [PubMed]

84. Stubbs, S.A.; Webber, L.J.; Stark, J.; Rice, S.; Margara, R.; Lavery, S.; Trew, G.H.; Hardy, K.; Franks, S. Role of insulin-like growth
factors in initiation of follicle growth in normal and polycystic human ovaries. J. Clin. Endocrinol. Metab. 2013, 98, 3298–3305.
[CrossRef] [PubMed]

85. Spicer, L.J.; Aad, P.Y. Insulin-like growth factor (IGF) 2 stimulates steroidogenesis and mitosis of bovine granulosa cells through
the IGF1 receptor: Role of follicle-stimulating hormone and IGF2 receptor. Biol. Reprod. 2007, 77, 18–27. [CrossRef]

86. Higuchi, K.; Kazeto, Y.; Ozaki, Y.; Izumida, D.; Hotta, T.; Soyano, K.; Gen, K. Insulin-like growth factors 1 and 2 regu-
late gene expression and enzymatic activity of cyp17a1 in ovarian follicles of the yellowtail, Seriola quinqueradiata. Heliyon
2020, 6, e04181. [CrossRef]

87. Lankford, S.E.; Weber, G.M. The maturation-inducing hormone 17α,20β-dihydroxy-4-pregnen-3-one regulates gene expression of inhibin
βa and bambi (bone morphogenetic protein and activin-membrane-bound inhibitor) in the rainbow trout ovary. Gen. Comp. Endocr.
2010, 168, 369–376. [CrossRef]

88. Wang, H.-X.; Li, T.Y.; Kidder, G.M. WNT2 regulates proliferation of mouse granulosa cells through beta-catenin. Biol. Reprod.
2010, 82, 865–875. [CrossRef]

89. Xue, L.; Bi, X.; Wang, K.; Dang, W.; Han, Q.; Luo, H.; Cao, N.; Lv, L. Expression and function analysis of WNT2 in ovine follicular
granulosa cells. CJAVS 2020, 51, 74–82.

90. Gao, G.; Wang, Y. Advances in the study of the GnRH. Livest. Poultry Ind. 2016, 326, 48–50. [CrossRef]
91. Bliss, S.P.; Navratil, A.M.; Xie, J.; Roberson, M.S. Gnrh signaling, the gonadotrope and endocrine control of fertility.

Front. Neuroendocrinol. 2010, 31, 322–340. [CrossRef]
92. Li, L.; Shi, X.; Shi, Y.; Wang, Z. The signaling pathways involved in ovarian follicle development. Front. Physiol. 2021, 12, 730196.

[CrossRef] [PubMed]
93. Campbell, J.H.; Dixon, B.; Whitehouse, L.M. The intersection of stress, sex and immunity in fishes. Immunogenetics 2021, 73, 111–129.

[CrossRef] [PubMed]
94. Li, R.; Song, W.; Qu, J.; Liu, H.; Qi, J.; He, Y.; Niu, J. Transcriptome sequencing reveals ovarian immune response and

development during female sperm storage in viviparous black rockfish (Sebastes schlegelii). Comp. Biochem. Phys. D
2023, 45, 101050. [CrossRef] [PubMed]

95. Kodzik, N.; Ciereszko, A.; Szczepkowska, B.; Malinowska, A.; Dietrich, M.A. Comparative proteomic analysis of the ovarian fluid
and eggs of Siberian sturgeon. BMC Genom. 2024, 25, 451. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.16378/j.cnki.1003-1111.20084
https://doi.org/10.1016/j.ygcen.2019.113275
https://doi.org/10.1530/REP-15-0606
https://doi.org/10.1071/RD21239
https://doi.org/10.1016/j.ygcen.2015.11.018
https://doi.org/10.1016/S0303-7207(02)00270-8
https://www.ncbi.nlm.nih.gov/pubmed/12431810
https://www.ncbi.nlm.nih.gov/pubmed/14666173
https://doi.org/10.1210/jc.2013-1378
https://www.ncbi.nlm.nih.gov/pubmed/23750031
https://doi.org/10.1095/biolreprod.106.058230
https://doi.org/10.1016/j.heliyon.2020.e04181
https://doi.org/10.1016/j.ygcen.2010.05.002
https://doi.org/10.1095/biolreprod.109.080903
https://doi.org/10.19567/j.cnki.1008-0414.2016.06.032
https://doi.org/10.1016/j.yfrne.2010.04.002
https://doi.org/10.3389/fphys.2021.730196
https://www.ncbi.nlm.nih.gov/pubmed/34646156
https://doi.org/10.1007/s00251-020-01194-2
https://www.ncbi.nlm.nih.gov/pubmed/33426582
https://doi.org/10.1016/j.cbd.2022.101050
https://www.ncbi.nlm.nih.gov/pubmed/36525779
https://doi.org/10.1186/s12864-024-10309-y

	Introduction 
	Materials and Methods 
	Experimental Fish and Sample Collection 
	Histological Observation of Ovaries 
	RNA Extraction, Library Preparation, and Sequencing 
	Sequence Assembly, Annotation, and Functional Analysis 
	Real-Time Quantitative PCR (qRT-PCR) Validation of DEGs 
	Statistical Analysis 

	Results 
	Classification of Ovarian Developmental Stages II, III, and IV 
	RNA-Seq Data Statistics 
	DEGs Profiles in Stage II, III, and IV Ovaries 
	Functional Annotation and Pathway Analysis of DEGs 
	Validation by qRT-PCR 
	Expression of Representative DEGs in Ovarian Growth and Development 
	Expression of DEGs Associated with Steroid Hormone Biosynthesis 
	Expression of DEGs Associated with Lipid Metabolism 
	Expression of DEGs Associated with Meiotic Arrest and Resumption 
	Expression of DEGs Associated with Ovarian Developmental Pathways 


	Discussion 
	The DEGs Involved in Steroid Hormone Synthesis 
	The DEGs Involved in Lipid Metabolism 
	The DEGs Involved in Meiotic Arrest and Resumption 
	Signaling Pathways Related to Oocyte Development 

	Conclusions 
	References

