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Abstract

This study focused on Platypharodon extremus, a species endemic to the Qinghai-Tibet
Plateau, and systematically analyzed its reproductive biology, sex steroid hormones, ovar-
ian histology, and transcriptomic characteristics throughout its complete reproductive cycle
(August 2020 to June 2021). The results demonstrated that the body length, height, body
weight, and gonadal weight of female individuals continuously increased with age, while
the Gonadosomatic index (GSI) was lowest during the breeding season (June—August) and
gradually rose during the non-breeding period. Serum estradiol (E2) and progesterone
(P4) exhibited rhythmic fluctuations corresponding to ovarian development: E2 rose from
25.77 ng/L in stage-I to 146.00 ng/L in stage-V, then declined post-ovulation; P4 increased
from 59.88 pmol/L in stage-I to 239.03 pmol/L in stage-V, showing a significant decrease
after ovulation. Histological observations classified ovarian development into stages I-VI,
clearly delineating the complete process from oogonium proliferation, cortical vesicle for-
mation, yolk accumulation, maturation to postpartum regression. To explore molecular
changes during the transition from vitellogenesis to oocyte maturation, we built a reference
transcriptome with 30,060 non-redundant transcripts (average length = 1975 bp) using
PacBio and Illumina data, and 91.87% of these transcripts received functional annotation
hits against public databases. A comparative differential expression analysis was performed
between ovarian stage III (active yolk accumulation) and stage V (oocyte fully matured).
A total of 11,324 differentially expressed genes were identified (5249 upregulated and
6175 downregulated) between these two stages. GO enrichment analysis revealed predomi-
nant involvement in cellular processes, cellular components, and catalytic activities, while
KEGG analysis demonstrated significant enrichment in metabolic pathways, PI3K-Akt,
MAPK, and calcium signaling pathways. Quantitative PCR (qPCR) validation confirmed
that candidate genes, including pik3a, calm, mapkl map2k ddx49, and igf2 were significantly
upregulated at stage V. These differentially expressed genes (DEGs) may represent potential
molecular signatures linked to the transition from vitellogenesis to oocyte maturation. Our
integrated transcriptomic and qPCR data identify potential gene candidates involved in
ovarian maturation; however, these findings reveal correlation rather than direct regu-
latory causality. This study offers fundamental data and theoretical insights for under-
standing the reproductive regulatory mechanisms and aquaculture management of this
endemic species.
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Key Contribution: For the first time, the use of third-generation transcriptome sequenc-
ing technology revealed genes related to ovarian development in Tibetan Plateau fish
Platypharodon extremus.

1. Introduction

The biodiversity of fish in the upper reaches of the Yellow River is of great significance
to the ecological protection of the Yellow River Basin. Schizothoracinae fishes are an impor-
tant population in the upper reaches of the Yellow River [1]. They play an important role
in maintaining the balance of aquatic ecosystems on plateaus. Platypharodon extremus is
a unique monotypic species of Chinese fish belonging to Cypriniformes, Schizothoracinae,
Platypharodon. 1t is distributed mainly in rivers and lakes of the Qinghai-Tibet Plateau and
can adapt to extreme environments such as high altitude and low oxygen. It has a slow
growth rate and typically takes 67 years to reach sexual maturity [2]. In the 1950s, a fishery
survey was carried out in Maqu, Gansu Province, China, and P. extremus was identified as
the dominant species [3]. Since the 1970s, continuous intensification of human activities
has led to worsening of the ecological environment in the upper reaches of the Yellow
River, which have been under the influence of overfishing, wading project construction and
other factors [4]. In addition, due to the limited distribution of Schizothorax, the resources
available to P. extremus decreased rapidly. In 1998, P. extremus was listed as vulnerable
(V) in the Red Book of Endangered Animals of China-Fish and in 2021 it was listed as a
second-class national protected wild animal [5]. In 2002, researchers in Gansu Province
collected wild P. extremus for artificial breeding. In 2007, artificial breeding and larval
development of P. extremus were achieved, providing an indication that artificial breeding
programmes can be successful in this species [6]. However, there have been some problems
in the process of artificial reproduction in recent years. The relatively long ovarian maturity
cycle of P. extremus means that at sexual maturity female fish have underdeveloped ovaries.
Moreover, the genes involved in the regulation of ovarian development are not clear. Due
to the lack of genomic information for this species, studies on the regulatory mechanisms
of ovarian development are limited. This limited understanding has led to some troubles
in the artificial breeding process.

With the development of sequencing technology, genome and transcriptome data
resources are constantly being developed, and full-length transcriptome sequencing tech-
nology can not only improve the accuracy of transcriptome annotation but also provide
a more comprehensive approach for functional gene annotation [7]. The PacBio third-
generation sequencing technology utilizes single-molecule real-time (SMRT) technology to
directly sequence transcripts without the need for an assembly process. Compared with
second-generation sequencing technology, the transcript sequences obtained by the PacBio
platform provide a longer read length and improved annotation rate, which are features
well suited for application in addressing unsolved problems in genome, transcriptome and
epigenetic research [8]. Transcriptome sequencing can be used to identify genes involved
in biological processes including body growth, development and immune regulation and
to analyse important functions related to gene expression regulation [9]. Over the past
decade, a great deal of research has focused on genetics and developmental transcrip-
tomics. In zebrafish, a comprehensive analysis of transcriptome data from nine different
stages of embryonic development was conducted to identify the key roles of pathways
and functional genes involved in development [10]. Sequencing of Lateolabrax maculatus,
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using SMRT, has increased our understanding of the salinity adaptation mechanism of
bony fish [11]. Huang [12] used next-generation sequencing (NGS) technology for full-
length transcriptome analysis of sexually mature and immature fine-scale salmon, which
provides a valuable reference for the study of bony fish gene function, gene expression,
and evolutionary relationships. This study may elucidate the basic regulatory mechanism
of ovarian development in bony fish. In Schizothorax, few full-length transcriptome studies
have been conducted in many species due to the lack of reference genome information.
Full-length transcriptome data of Gymmnocypris przewalskii [13], Gymnocypris namensis [14],
and Schizothorax prenanti [15] have been analysed, and their transcriptomes may provide a
resource for further study.

In this study, we employed PacBio Iso-Seq combined with Illumina RNA-seq to con-
struct a full-length reference transcriptome of P. extremus, providing a high-quality genomic
resource for subsequent analyses. Ovarian histology and serum sex steroid hormone pro-
files (E2 and P4) were examined across the complete reproductive cycle to characterize the
physiological and morphological changes associated with ovarian development. Using the
full-length transcriptome as a reference, we performed comparative transcriptomic analysis
between distinct ovarian developmental stages (vitellogenesis and maturation/ovulation)
to screen for differentially expressed genes involved in ovarian development. Functional
enrichment analysis and quantitative PCR validation were further conducted to identify
potential key genes and signaling pathways regulating the transition from vitellogenesis to
oocyte maturation. Our findings aim to elucidate the molecular regulatory mechanisms
underlying ovarian development and maturation in this endemic species, thereby provid-
ing a theoretical foundation for artificial reproduction and aquaculture management of
P. extremus.

2. Materials and Methods
2.1. Ethics Statement

The fish collection process complied with the guidelines of Gansu Fisheries Research
Institute. This study was approved by the Laboratory Animal Ethics Committee of Gansu
Fisheries Research Institute, the ethical approval number is GFRI-2022-09-26-04.

2.2. Sample Collection

Sample collection: The P. extremus experimental material were the sexually mature
F1 generation that was artificially bred in Gansu Fisheries Research Institute (Linxia,
Gansu). From August 2020 to June 2021 (a reproductive cycle), 30 female samples
were collected every two months to measure body length (cm), body height (cm), body
weight (g), gonadal weight (g), and GSI (Gonadosomatic index), calculated as follows:
GSI = gonadal weight/body weight x 100%. The collected sample information is shown in
Table 1.

Table 1. Sample collection information form.

Expt;rtlanglzntal Collection Size Collection Tissue Collection Time
. 2020.08, 2020.10,
B?;izassffei’jn?fl n=30x6 Fishes 2020.12, 2021.02,
2021.04, 2021.06
Histological 2020.08, 2020.10,
. n=3x6 ovary 2020.12,2021.02,

analysis

2021.04, 2021.06
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Table 1. Cont.
Exp(;lan;:ntal Collection Size Collection Tissue Collection Time
Hormone 2020.08, 2020.10,
measurement n=3x6 blood 2020.12, 2021.02,
casurements 2021.04, 2021.06
PacBio Iso-seq n=3x2 ovary, brain, heart, 51 04 201,06
liver, gills, muscle
Illumina RNA-seq n=3x2 ovary 2021.04, 2021.06
qRT-PCR biological n=3x2 ovary 2021.04, 2021.06
replicates

Meanwhile, the experimental fish were anesthetized with anesthetic agents (typically
100 mg/L MS-222). The primary method involves tail vein puncture or blood collection
from the caudal peduncle. Blood is drawn using a sterile syringe, with a standard volume
of 3-5 mL per fish. Place the collected blood in a 4 °C refrigerator and allow it to stand
for 4-6 h (or overnight) to facilitate natural coagulation. Subsequently, centrifuge at
3000-4000x g for 10-20 min under 4 °C conditions and carefully collect the supernatant of
the clarified serum. The isolated serum should be aliquoted into sterile centrifuge tubes
and immediately frozen at —80 °C ultra-low temperature freezer until hormone testing
is performed.

2.3. Histological Experiment

Opvarian tissue samples fixed in Born solution were embedded in paraffin wax and cut
into 6-12 um continuous sections. The ovaries were stained using standard haematoxylin
and eosin solutions. As described by Selman [16], the P. extremus ovaries were classified
into six stages which contain eggs at different stages of development. The developmental
stages were assessed under a 10x and 40x microscope.

Oocyte diameter measurements were performed using Image] software (Version 1.54f;
National Institutes of Health, Bethesda, MD, USA) on sections where the oocyte nucleus
was clearly visible. For each female, 15 oocytes were randomly selected and measured. Data
are expressed as mean =+ SD. Inter-individual variability was assessed using coefficient of
variation (CV = SD/mean x 100%). Differences in oocyte diameter between stages were
evaluated using unpaired Student’s t-test, with statistical significance set at p < 0.05.

2.4. Hormone Testing

Estrogen diol (E2) and progesterone (P4) were measured using enzyme-linked im-
munosorbent assay (ELISA). The ELISA kit was produced by Nanjing Jiancheng Bioengi-
neering Research Institute Co., Ltd. (Nanjing, China). The assay method was performed
according to the kit instructions, and analysis was conducted using an enzyme microplate
reader (Labsystems Multiskan MS, Helsinki, Finland).

All data are expressed as means & SD (n = 3 per stage). Normality of the residuals
was assessed using the Shapiro-Wilk test, and homogeneity of variances was evaluated
using Levene’s test. Both E2 and P4 datasets met the assumptions of parametric tests
(Shapiro-Wilk: p > 0.05 for both; Levene’s: p > 0.05 for both). Differences among the six
ovarian developmental stages were therefore analyzed using one-way analysis of variance
(ANOVA) followed by Tukey’s honest significant difference (HSD) post hoc test for multiple
comparisons. All statistical tests were two-tailed, and significance was set at « = 0.05. All
analyses were performed using IBM SPSS Statistics version 22.0 (IBM Corp., Armonk,
NY, USA).
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2.5. RNA Extraction and Quality Evaluation

Stage III (active yolk accumulation) and stage V (oocyte fully matured) were selected
for comparative transcriptomic analysis based on their distinct physiological states. Early
stages (I and II), which center on oogonial proliferation and primary oocyte growth, were
not included in the transcriptomic comparison.

The 3 samples of P. extremus collected in April 2021 were selected, and total RNA from
ovary, brain, heart, liver, gills, and muscle was constructed into a PacBio library. RNA
samples were separately collected from ovaries (1 = 6, sellected in April and June 2021) for
short-read RNA-seq analysis.

RNA extraction: Total RNA was extracted from tissue samples by TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). The concentration and purity of the extracted RNA were
assessed by a Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). Genomic
contamination, purity and RNA integrity were detected by agarose gel electrophoresis on
an Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). Only
the total RNA samples with RIN value > 8 and those with an OD260/280 between 1.8 and
2.2 were used for constructing the cDNA library used in PacBio sequencing. All sequencing
experiments were conducted at Frasergen Information Co., Ltd. (Wuhan, China).

2.6. Library Construction and PacBio Sequencing

After the samples were qualified, library construction was performed. Full-length
c¢DNA was synthesized from mRNA using the Clonetech SMARTerTM PCR ¢cDNA Syn-
thesis Kit (Takara Clontech Biotech, Dalian, China) according to the standard protocol.
The resulting full-length cDNA was amplified by PCR, and the products were purified
by PB magnetic beads. The amplified full-length cDNA was purified using PB magnetic
beads to remove partial and small fragment cDNA below 1 kb. After full-length cDNA
was end-repaired, it was constructed with SMRTBell (Pacific Biosciences, Menlo Park, CA,
USA) following the manufacturer’s recommendations. Sequences were purified using PB
magnetic beads to obtain the sequencing library. The size range of the library was detected
with an Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA) and
quantified using Qubit 3.0. The SMRT cells for the three libraries were then sequenced on
the Pacific Bioscience RSII platform (Pacific Biosciences, Menlo Park, CA, USA).

Pac Bio raw data were pre-processed and filtered by SMRT Link v10.1 pipelines
(https:/ /www.pacb.com/support/software-downloads/, accessed on 8 September 2021).
In short, the raw polymerase reads were filtered and trimmed to generate the subreads
using the RS_subreads protocol (parameters: 50 bp < subread length < 15,000 bp, minimum
number of passes = 3, minimum predicted accuracy = 0.99). First, circular consensus
sequence (CCS) reads were generated from the subreads using the CCS model with default
parameters. The full-length nonchimeric (FLNC) reads were identified from CCS reads by
searching for the 50/30 cDNA primers and the poly (A) tail in the read of inserts (ROI). Next,
we used iterative clustering for error correction (ICE) and Quiver software (v2.3.2, Pacific
Biosciences of California, Inc., Menlo Park, CA, USA) to cluster and polish multiple FLNCs
from the same isoform to obtain the nonredundant isoform sequence. This analysis was
performed using the SMRT Analysis software suite (version 2.3.0; Pacific Biosciences, Menlo
Park, CA, USA), which implements the ICE clustering and Quiver polishing algorithms.
Furthermore, the high-quality polished isoform sequences (postcorrection accuracy < 99%)
were used for the subsequent analysis. The full-length transcripts were used to remove
redundancy by the CD-HIT tool (v 4.8.1) [17]. Finally, the first high-quality FL transcript
data set for P. extremus was obtained in the present study.
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2.7. llumina Library Construction and Sequencing

The Illumina library for the ovaries was constructed using the TruSeq RNA Sample
Prep Kit (Illumina, San Diego, CA, USA) following the manufacturer’s instructions. First,
the polyA mRNA enriched by magnetic beads with Oligo (dT) was fragmented into short
fragments. Then, using mRNA as a template, two-strand cDNA was synthesized by reverse
transcriptase and random primers. Finally, AMPure XP beads were used to purify double-
stranded cDNA, and PCR enrichment was carried out to generate the cDNA library. The
cDNA libraries were sequenced on an Illumina HiSeq X Ten platform (Illumina HiSeq 2000)
by Wuhan Feisha Technology Co., Ltd. (Wuhan, China).

Raw reads of the six transcriptome data sets were cleaned by filtering adaptor-only
and low-quality reads using SOAPnuke [18] (v2.1.0), thus clean reads were obtained. The
Q20 and Q30 values and the GC content of the clean data were also calculated. Meanwhile,
the quality of these clean data was estimated by Q30%, i.e., reads with a Q30% greater than
85% were retained as high-quality reads. Finally, the isoform was used as the reference,
and the clean short reads were mapped by Bowtie2 software (v2.3.5, developed by Ben
Langmead at Johns Hopkins University, Baltimore, MD, USA) [19].

2.8. Bioinformatics Analysis

For quality control and filtering of sequencing data, reads with low quality and short
read lengths were removed. The filtered reads underwent classification, clustering, and
correction to obtain high-quality full-length transcripts. Due to the stringent clustering
requirements for full-length transcripts, CD-HIT software (version 4.8.1, University of
California, San Diego, CA, USA) [20] was employed to deduplicate the transcripts, followed
by functional annotation.

Using PacBio full-length transcripts as reference sequences, Bowtie 2 v2.1.0 soft-
ware [21] was employed to align clean reads (second-generation data) from each sample
back to the reference sequences. The alignment results were statistically analyzed using
RSEM 1.2.15 software [22] to quantify the abundance of each transcript. For each sample,
the expected read counts generated by RSEM were extracted, rounded to integers, and
used as the input matrix for differential expression analysis. FPKM (fragments per kilobase
of transcript sequence per million sequenced base pairs) values were simultaneously calcu-
lated by RSEM and used exclusively for transcript expression visualization (e.g., heatmaps)
but not for statistical testing. Differential expression analysis of transcripts between ovarian
stages was conducted using edge R v3.16.5 software [23] with the integer count matrix
as input. Differentially expressed transcripts (DETs) were identified using thresholds of

llogy(fold change) | > 1 and Padj < 0.05. GO functional enrichment and KEGG pathway
enrichment analyses were further performed on the identified DETs.

2.9. Validation of Expression of DEGs by Real-Time PCR

To further validate the reliability of the RNA-seq data, 16 DEGs were selected and de-
tected by qPCR. Specific primers were designed based on the reference sequences obtained
from the full-length transcriptome of P. extremus (Table 2). The 3-actin gene was selected as
the internal reference. Total RNA was extracted from ovarian tissue samples at stages III
and stages-V (n = 3 per stage). RNA purity was assessed by measuring the optical density
at 260 nm and 280 nm, and RNA integrity was evaluated by agarose gel electrophoresis.
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Table 2. The sequences information of primers used for qRT-PCR.

DEGs Primer ID Primer Sequences (5'-3') Transcript Number
cdc42 F AATCCCTGGAACAAATAGCACC Pe_mix_transcript_10836
R CCATTCTTGTGCGGCTTTG
map2k6 F ATTCTGCGGTTTCCCTATGAC Pe_mix_transcript_13161
R AACTCGGGTGAGAATCGGTC
pla2g4a F ACTGAGACGAGAGACTATGCGG Pe_mix_transcript_14411
R GGATGTGAATCACGGTTGGAC
sox4 F GGGTCCCAAATAGCAGGTGT Pe_mix_transcript_8029
R TTGCTACAAAACGCAGATGG
jun F AAGGGACAAAGTTCAGGGGC Pe_mix_transcript_16639
R TGCCCTCTGATGCTGTCTCTG
ddx49 F TCTTCCTATTCATTCCGTCACC Pe_mix_transcript_28865
R GGTTTGAATACCACAGGACAGG
igf2 F ATTCTGTCATTGTTCGTGGTCG Pe_mix_transcript_18042
R AGGAAACATCTCGCTCGGAC
atfd F TTGGCAAAATGGCGTCCT Pe_mix_transcript_19649
R TCATCGGAGACACCACGGA
cypllal F AAGTTTGCTCTGGAATCGGTG Pe_mix_transcript_21412
R ATGAAGTGCTGGGCGTCTG
calm F CGACGAGCGATAACATCAAGG Pe_mix_transcript_23743
R TGAGTACCTGGTGATAAACCCG
pik3ca F GCAGACTACAGAGGAAAGGGAA Pe_mix_transcript_24207
R CATTGGGCTTCTCTACTGGTGA
mapk1 F ATCAAAATCCTCCTGCGGTT Pe_mix_transcript_3312
R AGGTCGGTCTCCATCAGGTC
p38 F TTCTCCCAGTACCACGACCC Pe_mix_transcript_4418
R CACGACTCCATCTCATCTCCG
eef2 F GACCACGGGAAGTCTACGCT Pe_mix_transcript_6025
R GCATCGCTCTTGCTCGTCT
cul9 F TGGATGTGTGGTTCACGAGG Pe_mix_transcript_8232
R CAAGCACACGGACTAAAGGAAC
pka F ACTGGGATTGTTGTTACCGCA Pe_mix_transcript_8696
R CAGAGCACGGCTGACCTAAAA
B-actin F GTCTGGAGGTACCACCATGTACC
R

CACATCTGCTGGAAGGTGGAC

Subsequently, reverse transcription was performed using a two-step procedure. Resid-
ual genomic DNA was removed by mixing 400 ng of total RNA with RNase-free ddH,O
to a final volume of 12 uL, followed by addition of 3 uL of 5 x gDNA digester Mix. The
mixture was incubated at 42 °C for 2 min. Then, 5 pL of 4 x Hifair III SuperMix plus was
added to yield a final volume of 20 pL. The reverse transcription reaction was carried out
under the following conditions: 25 °C for 5 min, 55 °C for 15 min, and 85 °C for 5 min. The
resulting cDNA was stored at —20 °C for subsequent qPCR analysis.

qPCR assays were conducted using SYBR Premix Ex Taq (Takara, Beijing, China) on
a real-time PCR system (e.g., ABI 7500, Foster, CA, USA). The reaction volume was set at
20 pL, which consisted of 10 puL of 2 x SYBR Premix Ex Taq, 1.0 uL of both the forward and
reverse primers (10 umol/L), 1 uL of the synthesized cDNA, and RNase-free ddH,O was
added to adjust the final volume. The reaction conditions were precisely defined as follows:
an initial denaturation step at 95 °C for 5 min, followed by 40 cycles of amplification. Each
cycle included a denaturation phase at 95 °C for 10 s and an annealing/extension step at
60 °C for 30 s, with signal detection at 72 °C. After the 40 cycles, a melting curve analysis
was performed with the following conditions: 95 °C for 15 s, 60 °C for 60 s, and 95 °C
for 15 s with continuous signal detection. Finally, the relative expression fold changes in
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the selected genes across different ovarian developmental stages were analyzed using the
278ACT method [24].

3. Results
3.1. Body Measurement and GSI

During the reproductive cycle of P. extremus (August 2020 to June 2021), sampling
was conducted at bimonthly intervals, and morphometric and gonadal parameters of fish
are summarized in Table 3. In each sampling event, 30 female individuals were randomly
captured to determine body length (cm), body height (cm), body weight (g), gonadal
weight (g), and gonadosomatic index (GSI, %). As the reproductive cycle progressed,
body weight exhibited a consistent significant increasing trend. Body length and gonadal
weight gradually increased from August 2020 to April 2021, while no significant intergroup
difference was detected in body height throughout the whole cycle. GSI showed an overall
rising tendency from August 2020 to April 2021, reaching the maximum value of 9.32% in
April 2021; the minimum GSI value (3.02%) was observed in August 2020, followed by a
sharp decline in June 2021.

Table 3. Body length, body height, body weight, gonadal weight and GSI of a Reproductive Cycle for

P. extremus.
Collection Body Length  Body Height . Gonadal G01.1ado
Group Ti Body Weight (g) . Somatic Index
ime (cm) (cm) Weight (g) GSI (%)
1 2020.08 3415+0.83c 6.78+023a 302.85 + 6.57 f 17.16 £ 0.8 d 3.02£0.06d
2 2020.10 3688 £6.70b 670+f124a 321.86 +1.73 e 17.61 +£0.88d 475 +0.26 ¢
3 2020.12 3768 £698b 698 £0.59a 40346 £042d  2645+0.79c¢ 520 £ 1.00 bc
4 2021.02 3774 £720b 720£0.56a 45520 £294c 3675+213b  597+0.39b
5 2021.04 4051 +£73%9a 739+£050a 488.08 £4.57b 3947 +15la  932+059Db
6 2021.06 4117 +£788a 788+0.17a 501.34 +£251a 4053+136a 590 £0.38a

Note: Means =+ SD; different letters (a, b, ¢, d, e, f) indicate a statistically significant difference among groups at
significance level p < 0.05.

3.2. Histological Characteristics of Ovarian Samples

This study employed conventional paraffin sectioning and HE staining techniques
to conduct annual histological observations of the ovaries of P. extremus throughout a
complete reproductive cycle (Figure 1). Based on characteristics such as oocyte morphology,
yolk accumulation, follicular membrane structure, and nuclear changes, and referring the
classification criteria of Liu Yun et al. and Teresa, ovarian development was divided into
six stages (Stage I-VI) corresponding to sequential oocyte developmental stages.

For each ovarian stage, 3 female individuals were sampled, with 45 oocytes measured
per individual for morphometric quantification (Table 4). Oocyte diameter increased
progressively from Stage I to Stage V, with mean diameters ranging from 33.4 & 6.1 um
(Stage I) to 3251.2 £ 32.6 um (Stage V). One-way ANOVA revealed extremely significant
interstage differences in mean oocyte diameter (p < 0.01). Post hoc multiple comparisons
confirmed that all adjacent developmental stages exhibited significant differences in oocyte
size (all p < 0.05), with the largest diameter increment detected between Stage IV and Stage
V (an increase of approximately 1102.7 um). Notably, Stage VI ovaries showed a sharp
decline in mean oocyte diameter (1388.0 = 21.9 um) relative to Stage V, which corresponds
to follicular atresia and regression of post-ovulatory mature oocytes. In terms of dominant
oocyte proportion, the characteristic dominant oocyte type accounted for 71.3-82.3% of
total oocytes across Stage -V, demonstrating that each ovarian stage was dominated by its
corresponding typical oocyte population. The highest proportion of stage-specific dominant
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oocytes was recorded in Stage V (82.3 £ 5.2%), whereas Stage VI displayed a drastic drop in
dominant oocyte proportion (10.0 £ 4.8%), indicating massive depletion of mature oocytes
after ovulation.

A N C
" 0 oot -
g f2ry ; St 4
| g
: B Lo B/ o YG v
i S =

D E . F
Figure 1. Ovarian histology of P. extremus at different developmental stages (I-VI). (A) Stage I of
ovary; (B) Stage II of ovary; (C) Stage III of ovary; (D) Stage IV of ovary; (E) Stage V of ovary;
(F) Stage VI of ovary. N: nucleus; ZR: Zone radiata; YG: Yolk Granule. Scale bars = 100 um.
Table 4. Histological parameters of ovarian developmental stages for P. extremus.

Developmental  No. of Females  No. of Oocytes Mean Oocyte Range (um) Dominant
Stage N) Measured (1) Diameter (um) ge tH Oocyte Type (%)
Stage I 3 45 334+6.1f 23-44 71.3 £ 5.1%
Stage I 3 45 173.6 =78 e 160-187 75.4 + 6.2%

Stage III 3 45 589.0 +39.8 d 520-658 78.1 +5.5%
Stage IV 3 45 2148.5 + 140.6 b 1905-2392 75.9 + 6.1%
Stage V 3 45 32512+ 326a 3195-3308 82.3 +5.2%
Stage VI 3 45 1388.0 £ 219 ¢ 1350-1426 10.0 - 4.8%

Note: Means + SD; different letters (a, b, ¢, d, e, f) indicate a statistically significant difference among groups at
significance level p < 0.05. N = number of females; 1 = total number of oocytes measured (15 oocytes per female x
3 females), Dominant oocyte type (%) indicates the proportion of oocytes at the characteristic stage relative to the
total oocytes counted per individual.

Stage I (Oogonial proliferation stage): The ovary remains immature and is mainly
composed of oogonia and early primary oocytes. Oocytes are small, with diameters
ranging from 23 to 44 um, and exhibit round or polygonal shapes with intensely basophilic
cytoplasm. One to two nucleoli are positioned centrally or peripherally within the nucleus
(Figure 1A). The follicle wall is composed of a single layer of squamous follicular cells.

Stage II (Primary growth stage): The ovary enters the early small growth phase,
dominated by Stage II oocytes. Oocytes enlarge markedly, with diameters of 160-187 um,
and show elliptical or irregular rounded outlines. Small cortical vacuoles of varying sizes
first appear at the cytoplasmic periphery and gradually migrate inward toward the nucleus.
The follicle wall remains monolayered but slightly thickened (Figure 1B).
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Stage III (Active yolk accumulated stage): The ovary enters the initial stage of
rapid growth. Stage III oocytes dominate, exhibiting significantly increased cell volume
(520-658 pm in diameter) with morphology tending toward roundness or ovality. The
number and layers of cortical vacuoles at the cytoplasmic periphery increase and fill inward.
The follicular membrane differentiates into distinct inner and outer layers, forming a radial
band structure in the middle. The nucleus is prominent with multiple nucleoli attached to
the medial side of the nuclear membrane (Figure 1C).

Stage IV (Yolk Formation stage): The ovary is in the late rapid growth phase, domi-
nated by vitellogenic oocytes ranging 1905-2392 pum in diameter. The cytoplasm is fully
filled with eosinophilic yolk granules that occupy nearly the entire cytoplasmic compart-
ment. The germinal vesicle remains centrally positioned at this stage, with intact nuclear
membrane and distinct zona radiata and follicular wall structures observable under histol-
ogy (Figure 1D).

Stage V (Oocyte fully matured): The ovary is fully mature and ready for ovula-
tion. During this stage, oocytes exhibit distinct characteristics, with cell volume reaching
3195-3308 um in diameter. The nucleus is completely dissolved and disappears, or only
residual remnants remain. Yolk granules further merge and enlarge to fill the entire cell.
The follicular membrane appears in a free state (Figure 1E).

Stage VI (Degeneration stage):

Unspawned post-ovulatory mature oocytes enter the atretic degeneration phase at
Stage VI. Oocytes display irregular deformed morphology; internal yolk granules are
degraded, phagocytosed, and gelatinized to form large cytoplasmic vacuoles (VG). The
zona radiata thickens significantly, while the follicular wall becomes blurred, fragmented,
or ruptured, accompanied by nuclear lysis and breakdown (Figure 1F).

Postpartum or anovulatory oocytes enter the degeneration stage. During stage VI,
Oocytes display irregular contours; their yolk granules undergo phagocytosis, degradation,
and gelatinization to form large cytoplasmic vacuoles (VG). The zona radiata thickens sig-
nificantly, while the follicular wall becomes blurred, fragmented, or ruptured, accompanied
by nuclear lysis and breakdown (Figure 1F).

3.3. Reproductive Hormones

This study monitored serum estradiol (E2) concentration dynamics across six se-
quential ovarian developmental stages of P. extremus throughout a full reproductive cycle
(Figure 2A). E2 levels displayed obvious stage-dependent rhythmic fluctuations along ovar-
ian maturation. Serum E2 started at a low baseline of 25.77 £ 0.58 ng/L at the immature
Stage I. As oogenesis advanced, E2 concentrations rose continuously: 37.77 £+ 0.85 ng/L
at Stage II, 48.68 + 1.21 ng/L at Stage III, and 90.73 £ 2.14 ng/L at Stage IV. The maxi-
mum serum E2 level (146.00 =+ 3.05 ng/L) occurred at fully mature Stage V, which was
5.7-fold higher than Stage I. After ovulation at Stage VI, serum E2 dropped sharply to
80.35 + 1.92 ng/L; this value was still significantly higher than E2 concentrations mea-
sured at Stage I, II and III, but significantly lower than the peak at Stage V. One-way
ANOVA confirmed extremely significant interstage differences in serum E2 (Fs5 1, = 142.67,
p < 0.001), with Tukey’s HSD post hoc test identifying distinct differences indicated by
different lowercase letters above bars.

In parallel, serum progesterone (P4) concentrations exhibited clear stage-specific
temporal variation during ovarian development (Figure 2B). P4 concentrations increased
continuously and significantly from Stage I to Stage V, rising from 59.88 £ 2.10 pmol/L
(Stage I) to a peak value of 239.03 & 7.94 pmol/L in Stage V. During the early vitel-
logenic period (Stage II to III), P4 increased markedly from 91.23 + 1.23 pmol/L to
165.15 £ 2.02 pmol/L, reflecting robust P4 biosynthesis accompanying yolk deposition.

https:/ /doi.org/10.3390/fishes11070411


https://doi.org/10.3390/fishes11070411

Fishes 2026, 11,411

11 of 22

P4 remained elevated during late vitellogenesis (Stage IV) and reached its maximum at
pre-ovulatory Stage V. After ovulation, atretic Stage VI saw a sharp drop in serumP4 to
101.11 +£ 1.33 pmol/L. This concentration was significantly lower than those of Stage III,
IV, V and only significantly higher than Stage I and II. Global one-way ANOVA revealed
highly significant differences in serumP4 across all ovarian stages (F5 1o = 187.34, p < 0.001),
with pairwise differences verified via Tukey’s HSD test.

A Content of E2

200
150

o= |

= 100 b

=

50=

stage-1 stage-II stage-1II stage-IV stage-V stage-VI

Ovarian developmental stages

B Content of P4
250= a
b

200

150

pmol/L

100 e

50

stage-1  stage-II stage-IIl stage-IV stage-V stage-VI

Ovarian developmental stages

Figure 2. Changes in reproductive hormone levels during different stages of ovarian development.
(A) Concentration of estradiol (E2) in serum; (B) Concentration of progesterone (P4) in serum. Data
are shown as means £ SD (n = 3 per stage). Different lowercase letters (a, b, ¢, d, e, f) above the bars
indicate significant differences between stages (one-way ANOVA followed by Tukey’s HSD post hoc
test; E2: F5 15 = 142.67, p < 0.001; P4: Fs5 15 = 187.34, p < 0.001).

3.4. PacBio Iso-Seq and Bioinformatic Analysis

Mixed-tissue total RNA was used to construct an Iso-Seq library, which was sequenced
on the PacBio Sequel platform. Stepwise data statistics of the Iso-Seq analytical pipeline
are summarized in Table 5. A total of 49,087,081 raw subreads were generated from
sequencing data. After initial preprocessing, 567,407 circular consensus sequence (CCS)
reads were yielded, and 380,158 full-length non-chimeric (FLNC) reads were screened
out by detecting 5 /3’ primers and poly(A) tails. All FLNC reads were clustered via
the ICE module within SMRT Link to produce 31,372 polished consensus transcripts; no
redundancy removal was performed at this clustering stage. These polished isoforms were
then subjected to secondary base error correction using LoORDEC software (version 0.9;
CNRS, Université de Montpellier, Montpellier, France) supported by Illumina short reads,
and the transcript count remained 31,372 after correction without additional clustering. The
corrected transcripts were subsequently deduplicated using cd-hit software (version 4.8.1,
University of California, San Diego, CA, USA) with a 99% identity threshold, ultimately
yielding 30,060 nonredundant isoforms. The lengths of these final nonredundant isoforms
ranged from 75 bp to 7453 bp, with an average length of 1975 bp and an N50 value of
2422 bp. This high-quality nonredundant transcriptome was adopted as the reference
sequence for all subsequent downstream analyses.
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Table 5. Workflow flowchart and statistics of PacBio Iso-Seq.
Process Order Sequence Product Core Processing Step Sequence Count
Original single-molecule subreads, basic
Input Raw subread short/low-quality read discard 49,087,081
Step 1 CCS Reads Raw s.ubread c11;cular consensus correction to 567,407
improve single-molecule accuracy
Step 2 FLNC Reads Identify fgll—length non—c'hlmerlc mo?ecules via 380,158
primer & polyA signal screening
Step 3 Polished Transcripts Cluster FLNC reads by isoform 51m11.ar1ty to 31372
produce rough consensus transcripts
LoRDEC-corrected Seconsiary base error correction of polished
Step 4 franscrints transcripts supported by Illumina short-read 31,372
P data (LoRDEC)
Deduplicate corrected transcripts using cd-hit
Output Nopredundant (99% identity threshold) to get the reference 30,060
isoforms .
transcriptome

Note: Raw single-molecule subreads were processed sequentially via CCS generation, FLNC screening, ICE
clustering, LoORDEC secondary error correction, and cd-hit deduplication. The number of sequences retained at
each processing stage is shown in the right column. Secondary error correction using Illumina short reads did
not alter the total number of polished transcripts. Deduplication was performed with cd-hit at a 99% sequence
identity threshold to obtain the final nonredundant isoform set as the reference transcriptome.

All 30,060 nonredundant full-length isoforms were subjected to functional annotation
via BLASTX (version 2.11.0; National Center for Biotechnology Information, Bethesda, MD,
USA) searches against multiple public protein databases. Detailed annotation statistics
are summarized in Table 6. Overall, 27,615 isoforms (91.87% of all transcripts) obtained
at least one functional annotation hit, whereas the remaining 2445 isoforms (8.13%) could
not be matched to any public database and were classified as unannotated sequences.
Individually, 27,595 (91.80%), 11,276 (37.51%), 17,466 (58.10%), 19,751 (65.71%) and 25,440
(84.63%) isoforms received functional annotations from the NR, GO, KEGG, KOG and Swiss-
Prot databases, respectively. Note that individual transcripts may be annotated in multiple
databases simultaneously, so the sum of annotated entries across all databases exceeds the
total number of unique isoforms. Therefore, this high-confidence full-length transcriptome
was used as the reference sequence for all subsequent transcriptomic analyses.

Table 6. Number of annotated transcripts of each database.

Annotated Databases Number of Transcripts

All 30,060 (100.00%)

NR 27,595 (91.80%)

GO 11,276 (37.51%)

KEGG 17,466 (58.10%)

KOG 19,751 (65.71%)
Swiss-prot 25,440 (84.63%)

Unannotated 2445 (8.13%)

Note: Percentages were calculated based on the total 30,060 transcripts. Individual transcripts can be assigned to
multiple annotation databases, so the counts of each database are not mutually exclusive.

3.5. llumina Sequencing and Analysis of Ovary and Testis

Based on ovarian histological observations, Stage III (active vitellogenesis stage) and
Stage V (oocyte fully matured) were identified as two critical transition points during
ovarian development of P. extremus. Stage III corresponds to the period of vigorous yolk
deposition following rapid ovarian growth, whereas Stage V represents fully mature ovaries
ready for ovulation. To uncover the molecular regulatory mechanisms governing these two
key developmental stages, Illumina RNA-seq was conducted on ovarian tissues collected
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from Stage III (n = 3 biological replicates, A1-A3) and Stage V (n = 3 biological replicates,
B1-B3). In total, 46.14 Gb of clean sequencing data were obtained. Every sample generated
no fewer than 4.18 x 107 clean reads; the Q30 value of all libraries was above 89.8%, and the
GC content ranged from 44.2% to 49.3% (Table 7). These quality metrics confirmed that the
sequencing data were of high integrity and quality for subsequent differential expression
and functional enrichment analyses.

Table 7. Evaluation statistics of sequencing data for ovary at Stages IIl and V.

Sample Group Clean Reads  Clean Bases (G)  Effective Rate (%) Q30 (%) GC Content (%)
Al Stage III 59,354,986 8.90 96.27 90.0 479
A2 Stage III 64,335,020 9.65 96.79 90.2 48.3
A3 Stage III 57,148,926 8.57 96.71 89.8 49.3
Bl Stage V 41,858,274 6.28 96.95 91.7 45.1
B2 Stage V 42,771,972 6.42 96.67 91.5 442
B3 Stage V 42,108,232 6.32 97.07 91.6 47.0

To assess global transcriptional divergence between Stage III and Stage V ovarian
tissues, principal component analysis (PCA) and hierarchical sample clustering were
conducted. PCA results (Figure 3A) revealed that the first two principal components
PC1 and PC2 accounted for 55.14% and 16.98% of the total transcriptional variance, with
a cumulative explained variance of 72.12%. Clear separation was observed along the
PC1 axis: all Stage III replicates (A1-A3) distributed on the negative side of PC1, while
Stage V samples (B1-B3) clustered on the positive side of PC1. This distinct grouping
demonstrates that dramatic transcriptomic remodeling takes place during the transition
from Stage Il to Stage V, and PC1 constitutes the primary source of transcriptional variation
discriminating the two ovarian developmental stages. Hierarchical clustering (Figure 3B)
further corroborated the PCA findings. All samples were partitioned into two discrete
major clusters corresponding to Stage III and Stage V, with every biological replicate
tightly grouped within its respective developmental stage, which reflects high intra-group
reproducibility and prominent inter-group transcriptional differences. The dendrogram
displayed long branch lengths separating the two stages, indicative of extensive overall
transcriptomic divergence; by contrast, short intra-stage branch lengths confirmed robust
consistency among biological replicates.

PC2 (16.98%)

(Aa) (B)
Figure 3. Transcriptomic comparison between Stage IIl and Stage V ovaries. (A) PCA plot showing
the distribution of Stage III (A1-A3) and Stage V (B1-B3) samples. PC1 and PC2 explained 55.14%
and 16.98% of the variance, respectively. (B) Sample clustering heatmap showing the expression
similarity among samples. The color key indicates normalized expression values (0.4 to 1.6). Stage
III and Stage V samples formed two distinct clusters, with all biological replicates grouped together
within each stage.
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3.6. Identification of Ovary Development-Related DEGs

Differential expression analysis was conducted between ovarian transcriptomes of
Stage III and Stage V of P. extremus, with the high-confidence full-length transcriptome
assembled via PacBio Iso-Seq used as the reference sequence. Gene expression abun-
dance was quantified as FPKM values across all six ovarian samples, and differentially
expressed genes (DEGs) were screened with the threshold of |logy(fold change)| > 1 and
FDR-adjusted Padj < 0.05 (comparison: Stage V vs. Stage III). In total, 11,424 DEGs were
identified, including 5249 significantly upregulated transcripts and 6175 significantly down-
regulated transcripts in Stage V relative to Stage III (Figure 4). The volcano plot (Figure 4)
visualizes the global distribution of DEGs: red dots represent upregulated genes, blue
dots denote downregulated genes, and black dots indicate transcripts with non-significant
expression variation (Padj > 0.05 or |logFC | <1).

= Up-Regulated Genes
= Down-Regulated Genes
= non-DEGs

40
1

30

—log10(Padj)
20
1

log2(fold change)

Figure 4. Volcano plot of differential gene expression between stage III and stage V ovaries of Platy-
pharodon extremus. The x-axis represents logy (fold change) (stage V/stage III), and the y-axis shows
—logy9(FDR-adjusted Padj). Red dots: significantly upregulated genes in stage V (Ilog,FC| > 1,
Padj < 0.05); blue dots: significantly downregulated genes (|log,FC| < —1, Padj < 0.05); black dots:
non-differentially expressed genes with Padj > 0.05 or |logyFCI < 1.

3.7. Functional Enrichment Analysis of Differentially Expressed Genes

Functional enrichment analyses of DEGs were performed via Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations to dissect their biological
functions (Figure 5).

GO classification of all DEGs was divided into three standard top-level categories:
Biological Process, Cellular Component, and Molecular Function (Figure 5A). Within
Biological Process, the term cellular process contained the largest number of DEGs (3045),
followed by single-organism process (2947) and metabolic process (2202). For Cellular
Component, the dominant entry was cell (3136), with cell part (3121) and organelle (2395)
also enriched with abundant DEGs. In the Molecular Function category, binding harbored
the maximum number of DEGs (2559), while catalytic activity ranked second (1811). This
indicates that DEGs mainly participate in molecular binding and catalytic biochemical
reactions during ovarian development.

https:/ /doi.org/10.3390/fishes11070411


https://doi.org/10.3390/fishes11070411

Fishes 2026, 11, 411 15 of 22
cellular process | [ :0:c [
single-organism process 1— . 23«7 Ubiquitin mediated proteolysis { [}
metabolic process 1 | 2202
biological regulation 1 N <48 Eiosome |
regulation of biological process 1 [ 1302
cellular component organization or biogenesis 1 [ N o5:
developmental process 1 [  ©>5 FoxO signaling pathway ]
mutticellular organismal process 1 [ N ' 7
response to stimulus 1 [N
P caizalon | — E—— 757 Colleysiesiysmt e
signaling 1— I 552 |
negative regulation of biological process 1 [ NN <05 Spliceosome { @
positive regulation of biological process { - NN 392 2
locomotion 1— [N 175 -3 v
immune system process {— N 159 g Meiosis - yeast ®
growth{ I 77 g:
reproduction { [N 75 Cell cycle
reproductive process | I 75 u & ¢ -log10(Qvalue)
biological adhesion 1 [N 74 ) ) .
multi-organism process { [N 65 )-anch . 4
behavior {— [ 36 5
thythmic process 1 Il 11 Onxidative phosphorylation | @
presynaptic process involved in chemical synaptic transmission 1 [l 7 o e
detoxification i3 N 2
cell{ I 3136 : g mRNA surveillance pathway .
cell part 1 312! g =
organelle 1 2395 = il
organelle part | — G 135! I Apeiin Sgnaling patinvay Gene_number
macromolecular complex | I 1302 = o
membrane | N 12854 RNA degradation {
membrane part 1 N 1117 @ 100
membrane-enciosed lumen | — NEEG—_— 26 i 150
extracellular region | I 102 Apoptosis : o
supramolecular complex | I 64 =
extracellular region part | — I 70 § Sphingolipid signaling pathway
colljunction | — I 64 g
sy"a;Vs:a::: -—3: o é‘ SNARE interactions in vesicular transport
nucleoid 1 3
binding 2559 RNA transport { @)
catalytic activity 1811
transporter activity | NN 270 . . . _
structural molecule activity | — NN 203 Ribosome biogenesis in eukaryotes |
molecular function regulator | — [N 170
nucleic acid binding transcription factor activity { — NN 67 Oocyte meiosis
transcription factor activity, protein binding 1 N 62
signal transducer activity . 52
molecular transducer activity 1 [ 39 Longevity regulating pathway - mammal
antioxidant activity {17
translation regulator activity 1 — Il 6 Adherens junction @)
activity { —li2
A 1000 2000 3000 4000 B 5 6 o7 Y
Number of Genes RichFactor

Figure 5. Enrichment analysis of differentially expressed genes (DEGs). (A) GO functional classifica-
tion of all DEGs between Stage III and Stage V ovaries of P. extremus; (B) KEGG pathway enrichment
bubble plot of all DEGs.

KEGG pathway enrichment bubble analysis (Figure 5B) further screened significantly
enriched pathways associated with ovarian maturation. In this bubble plot, the x-axis
represents Rich factor, dot size corresponds to the number of enriched DEGs, and the color
gradient corresponds to -log;o (Qvalue) (higher values mean more significant enrichment).
The most significantly enriched pathways with high Rich factor and strong statistical sig-
nificance included ubiquitin-mediated proteolysis, ribosome biogenesis, FoxO signaling
pathway, cell cycle, and oocyte meiosis. These pathways are closely linked to oocyte prolif-
eration, meiosis maturation, protein degradation and translational regulation, implying
their central regulatory roles during the transition from Stage III to Stage V ovaries of
P. extremus.

3.8. gRT-PCR Verification of Differentially Expressed Genes

Quantitative real-time PCR (qPCR) was conducted to preliminarily verify the poten-
tial expression trends of selected candidate genes between Stage III and Stage V ovar-
ian tissues (Figure 6). Most of the tested genes appeared to undergo obvious expres-
sion shifts across the two developmental stages, while only atf4 showed non-significant
transcriptional variation.

Genes such as cdc42, map2k6, pla2g4a, ddx49, igf2, cyp1lal, calm, pik3ca, mapkl, p38 and
pka tended to display markedly elevated relative expression in Stage V relative to Stage I1I,
which may imply their potential positive involvement in ovarian maturation (p < 0.01). On
the contrary, four genes (sox4, jun, eef2, cul9) were found to be significantly less abundant in
Stage V, suggesting that they might exert suppressive or stage-specific functions during
late oocyte development.
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Figure 6. Validation of selected differentially expressed genes by qRT-PCR. Relative mRNA expression
levels of 16 genes between stage III and stage V ovaries of P. extremus were normalized to the reference

ZfAACT

gene B-actin and calculated using the method. Bars represent geometric means &= SD (n =3

per stage). ** indicates p < 0.01 (¢-test); ns indicates no significant difference (p > 0.05). Exact raw and
adjusted p values are listed in Table S4. (A) cdc42; (B) map2k6; (C) pla2g4a; (D) sox4; (E) jun; (F) ddx49;
(G) igf2; (H) atf4; (1) cyp1lal; (J) calm; (K) pik3ca; (L) mapkl; (M) p38; (N) eef2; (O) cul9; (P) pka.

The exact raw and adjusted p values for all 16 validated genes are provided in
Table S4. Generally speaking, the changing patterns of these qPCR-detected genes largely
aligned with the differential expression trends predicted by transcriptome sequencing data.
Collectively, these expression variations hint that these candidate genes could serve as
potential molecular correlates linked to the late maturation of ovaries. Nevertheless, further
functional validation assays will still be necessary to clarify their exact direct regulatory
roles in governing oocyte maturation processes.
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4. Discussion
4.1. Hormone Levels

Serum E2 and P4 of P. extremus exhibited obvious stage-dependent fluctuation pat-
terns tightly coupled with ovarian histological development, which coincides with the
reproductive endocrine regulatory mode governed by the hypothalamic-pituitary-gonadal
(HPG) axis reported in multiple teleost species including Schizothorax irregularis [25].

Serum E2 showed a gradual increase from immature Stage I and seemed to enter a
rapid rising phase starting at Stage III (48.68 £ 1.21 ng/L), which largely coincides with
extensive yolk deposition within oocytes observed via histology. This temporal synchrony
might imply a core physiological role of E2: it could stimulate hepatic vitellogenin syn-
thesis to provide raw materials for oocyte yolk accumulation. E2 reached its maximum
concentration at pre-ovulatory Stage V (146.00 & 3.05 ng/L) once yolk filling was complete,
which potentially signals the termination of vitellogenesis and the initiation of oocyte final
maturation. The peak E2 concentration measured in the present study was somewhat
lower than values reported in several other fish species [26]. Such disparity may be largely
derived from interspecific variations in reproductive strategies, ecological adaptation and
genetic background. Even so, the universal Stage V peak of E2 across teleost taxa may
suggest that the timing of E2 elevation could act as a more credible biomarker for gonadal
maturity than absolute hormone concentrations.

P4 exhibited a comparable ascending trend from Stage Il to Stage V alongside E2, which
hints at complementary physiological functions of the two steroids: E2 may predominantly
participate in vitellogenic processes (Stage III-IV), whereas P4 might contribute more to
pre-ovulatory oocyte maturation. This coordinated yet stage-differentiated fluctuation
pattern may reflect synergistic endocrine modulation throughout ovarian development.

One point worthy of discussion is that we only quantified circulating P4 rather than its
bioactive metabolite 17«,203-dihydroxyprogesterone (DHP), which has been regarded as
the primary maturation-inducing hormone (MIH) in most bony fish [27]. P4 is commonly
converted to DHP by ovarian 203-hydroxysteroid dehydrogenase, so the Stage V P4 peak
detected here may mainly serve as a precursor reservoir for DHP synthesis, rather than
exerting direct maturation-inducing effects itself. Whether P4 carries out independent
regulatory functions during late vitellogenesis still requires further functional experiments
to clarify.

4.2. Histology

This study classified the ovarian developmental process of P. extremus into six se-
quential stages (Stage I-VI) based on oocyte morphological traits, yolk deposition patterns
and follicular structural features, with reference to established staging standards from
previous teleost studies [28,29]. Histological observations appear to reveal a conserved
oogenetic workflow across bony fish, which may encompass cortical vacuole proliferation,
progressive yolk accumulation, germinal vesicle migration and breakdown, followed by
full maturation and post-ovulatory follicular atresia. Quantitative morphometric data in
Table 4 showed that oocyte diameter increased significantly from Stage I to V, with the
most prominent size increment detected between Stage IV and V, and the dominant oocyte
population occupied 71.3-82.3% of total follicles within each stage. Such coexistence of
multi-stage oocytes yet stage-dominant follicle populations may imply a potential repro-
ductive characteristic of this species. Combined with the concentrated occurrence of Stage
V mature ovaries and widespread atretic follicles in Stage VI, we tentatively speculate
that this fish might adopt a single synchronous spawning strategy [30]. though further
population-scale sampling would be required to validate this reproductive mode.
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Integrating histological characteristics with serum steroid hormone dynamics, stage-
specific endocrine regulatory patterns can be preliminarily inferred. During Stage I-1I,
oocytes grew moderately while serum E2 remained at low concentrations ranging from
25.77 to 37.77 ng /L, which may suggest these early phases mainly rely on gonadotropin
signaling and could correspond to a preparatory period for establishing ovarian hormone
responsiveness. At Stage III, oocytes expanded to an average diameter of 520-650 um,
cortical vacuoles multiplied, and follicles differentiated into bilayered theca-granulosa struc-
tures with visible zona radiata; meanwhile, E2 rose to 48.68 ng/L. This synchronous change
might indicate that E2 could shift its primary function toward facilitating vitellogenin syn-
thesis in the liver, with zona radiata potentially mediating vitellogenin transportation into
oocytes to form yolk granules. In Stage IV, ooplasm was largely filled with yolk granules
and the germinal vesicle began to shift toward the animal pole, accompanied by elevated
E2 (90.73 ng/L) that had not yet peaked. This co-occurrence may represent an overlapping
phase for sustained vitellogenesis and the gradual initiation of meiotic resumption prepa-
ration. At Stage V, the germinal vesicle completely degenerated and yolk granules fused;
serum E2 reached its peak at 146.00 ng/L alongside maximum P4 levels. We tentatively
propose that the E2 summit may signal the termination of de novo yolk production, while
P4 or its bioactive metabolite DHP could potentially act as a maturation-inducing signal to
trigger meiotic progression and subsequent ovulation.

Stage VI ovaries displayed typical follicular atresia and sharply reduced dominant
oocyte ratios, yet serum E2 maintained a relatively high concentration of 80.35 ng/L,
significantly higher than values measured in Stage I-III. This observation hints that Stage
VI may not simply serve as a dormant resting phase; instead, it could represent an active
remodeling window for residual follicles to recover and prepare for the next reproductive
cycle. Comparable histological and endocrine profiles have also been documented in teleost
species such as Oxyeleotris lineolata [31], which may point to partially conserved ovarian
developmental regulatory frameworks across bony fish taxa.

Taken together, the stage-specific complementary fluctuation of E2 and P4 may con-
stitute a core endocrine cascade driving the transition from vitellogenesis to ovulation.
The sustained moderate E2 level in post-ovulatory Stage VI might provide a favorable
hormonal microenvironment for follicular reconstruction and the initiation of the next
annual reproductive cycle.

4.3. Transcriptome

In recent years, PacBio long-read sequencing has enabled the acquisition of full-length
transcripts without short-read assembly, which may be especially advantageous for non-
model species lacking high-quality reference genomes [32]. As an endangered plateau fish
lacking a complete genome, P. extremus relies on full-length transcriptomes for reproductive
gene exploration. Here, we constructed a PacBio Iso-Seq reference transcriptome corrected
by Illumina short reads, yielding 30,060 nonredundant isoforms. Among them, 91.87%
obtained functional annotations across multiple databases (Table 6). Intact full-length
transcripts from SMRT sequencing tentatively suggest this dataset acts as a reliable sequence
resource for ovarian molecular research of P. extremus.

Ovarian maturation involves successive oocyte growth, vitellogenesis and germinal
vesicle breakdown [33]. Combined with histological staging, Stage III (massive yolk
accumulation) and Stage V (pre-ovulatory maturation) were selected for comparative RNA-
seq. PCA and clustering clearly separated samples of the two stages (Figure 3), hinting
that profound transcriptional remodeling occurs during late ovarian development. We
identified 11,424 DEGs (5249 upregulated, 6175 downregulated in Stage V vs. III; Figure 4).
GO and KEGG enrichment revealed abundant DEGs enriched in endocrine signaling
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pathways, which may indicate endocrine networks dominate gonadal developmental
regulation [34]. Major enriched hormone-related pathways included insulin, oxytocin,
progesterone-mediated oocyte maturation, estrogen and GnRH signaling pathways.

Multiple candidate genes with consistent transcriptomic and gPCR expression trends
were selected for verification (Figure 6). Genes including cdc42, map2ké6, pla2g4a, ddx49,
igf2, cypllal, calm, pik3ca, mapkl, p38 and pka exhibited significantly elevated expression at
Stage V (p < 0.01). Pik3ca and mapk1/map2ké encode core components of the PI3K-Akt and
MAPK/ERK cascades, which have been reported to participate in oocyte meiotic resump-
tion and ovulation across vertebrate models [35]. Integrating our hormone profiling data
showing peak E2 (146.00 ng/L) and P4 concentrations at Stage V, we tentatively propose a
correlative regulatory model: upon steroid hormone signal accumulation, PI3K-Akt and
MAPK pathways might be synergistically activated, potentially triggering downstream
molecular cascades that facilitate follicle remodeling and ovulation. This inference is merely
based on transcriptional correlation and requires further functional validation.

PI3K, AKT and PKA act as key intermediate mediators within the insulin signaling
pathway and the PI3K/Akt axis has been implicated in ovarian follicle differentiation
in other fish taxa [36]. Here, 138 DEGs were enriched in the insulin signaling pathway,
and qPCR verified significantly higher expression of pka and mapkl at Stage V. These
coordinated expression patterns may imply that insulin pathway signals could modulate
late ovarian maturation of P. extremus, though this association cannot yet confirm direct
functional causality. MAPK family kinases respond to mitotic and differentiation stimuli
and are widely documented to regulate oocyte meiosis and maturation; cAMP/PKA
signaling governs LH-triggered steroid synthesis in granulosa cells and participates in
tissue remodeling and hormonal feedback [37]. Previous zebrafish research also reported
that FSH-mediated p38 activation drives meiotic progression in oocytes. The elevated
abundance of p38, pka and mapk1 transcripts at Stage V shows consistent correlation with
oocyte full maturation, marking these genes as candidate regulatory factors worthy of
future mechanistic testing, rather than offering definitive functional evidence.

By contrast, four genes (sox4, jun, eef2, cul9) displayed significantly lower expression
in Stage V ovaries. pla2g4a participates in arachidonic acid metabolism and inflammatory
responses; its transcriptional decline at Stage V might reflect a potential shift in preovulatory
follicles from growth-related inflammatory status toward an ovulation-competent state [38].
As a core subunit of AP-1 transcription factor complexes, reduced jun expression could be
linked to the suppression of specific transcriptional programs after E2 reaches its maximal
concentration. The downregulation of eef2 appears somewhat counterintuitive, given that
inhibited eef2 generally suppresses global protein synthesis. Consistent with prior findings
in Xenopus [39], the downregulation of eef2 transcripts at Stage V may hint at altered
translational activity during final oocyte maturation, though the underlying translational
regulatory mode cannot be determined solely from transcriptomic data. Downregulated
cul9 lacks protein-level evidence to confirm its meiotic regulatory function, leaving its
biological impact speculative [40]. However, all the above deductions are only based on
transcriptional data and qPCR validation, which cannot confirm causal gene functions.
Further pharmacological interference, protein detection and hormone treatment assays are
needed to clarify the regulatory roles of these endocrine pathways in ovarian maturation.

This study has an obvious limitation: only Stage III and Stage V ovaries were com-
pared, while intermediate stages (II, IV) were excluded. Ovarian development proceeds
continuously, so transient mild transcriptional shifts during Stage II-III, III-IV and IV-V
transitions may be masked by the large expression divergence between Stage III and V. Our
data can only capture major transcriptional reprogramming at late maturation but cannot
reconstruct a complete continuous gene regulatory cascade covering all six developmental
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stages. Future studies are warranted to address the limitations of the current work and
to functionally validate the candidate genes identified. Meanwhile, functional validation
of the key genes and pathways highlighted here will be pursued through in vitro ovarian
follicle culture systems combined with hormone or inhibitor treatments to dissect down-
stream signaling events, as well as CRISPR/Cas9-based genome editing to generate stable
knockout lines for examining in vivo phenotypic consequences on ovarian morphology
and fecundity. These complementary approaches will not only validate our transcriptomic
findings but also establish a comprehensive molecular framework for understanding teleost
ovarian development.

5. Conclusions

This study combined PacBio Iso-Seq and Illumina RNA-seq to build the full-length
transcriptome of P. extremus. We obtained 30,060 full-length transcripts (average length:
1975 bp; N50: 2422 bp), 91.87% of which were annotated, and this dataset may offer better
transcript integrity than short-read data alone. Combining ovarian histology and serum
E2/P4 dynamics, we characterized gonadal stage features and screened DEGs mediating
the shift from vitellogenic Stage III to mature Stage V. qRT-PCR verified high expression of
pka, mapkl and p38 at Stage V, implying their potential roles in oocyte maturation. Though
only Stage III and V were sequenced, their comparison may reflect major transcriptional
remodeling switching ovarian function from yolk deposition to meiosis. This transcriptome
resource provides basic molecular references for exploring ovarian development and
artificial breeding of P. extremus. Further multi-stage sequencing is needed to complete the
regulatory network.

Supplementary Materials: The following supporting information can be downloaded at: https:
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