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Simple Summary: The gene expression of ovarian transcriptome varies among different gilt breeds.
Here, we conducted a comparative analysis of ovarian and serum hormone levels during puberty
onset between the indigenous Chinese Wanyue Black pig breed and the imported Yorkshire breed.
Our findings revealed a significant enrichment of differentially expressed genes involved in the
reproduction, ovarian follicle development, and hormone secretion signaling pathways. Additionally,
employing bioinformatics analysis, we identified multiple candidate genes potentially involved in
the regulation of the ovaries. Our results provide new insights on gilt ovary gene expressions among
Chinese indigenous pig breeds versus Yorkshire which can serve as useful genetic tools to develop
the gene assays for trait-associated studies.

Abstract: Pubertal genetic variations between the indigenous Chinese Wanyue Black pig breed and
the imported Yorkshire breed significantly impact their reproductive capacity. In order to identify the
differentially expressed genes, gene networks, and metabolic pathways in ovary transcriptome of
gilts, the serum hormone levels were analyzed by ELISA, and RNA-seq was performed to analyze
ovarian genes. Our results reveal higher estradiol (E2) levels in Wanyue black gilts compared to York-
shire gilts, while Yorkshire gilts exhibit elevated progesterone (P4) and GnRH levels. We identified a
total of 154 differentially expressed genes (DEGs), with 87 up-regulated and 67 down-regulated genes
in the Wanyue black gilts ovaries compared to the Yorkshire gilts. GO enrichment analysis unveiled
the participation of DEGs in processes such as “Reproduction”, “Reproductive system development”,
and “Ovarian follicle development”. Moreover, KEGG enrichment analysis revealed the involvement
of DEGs in multiple signaling pathways associated with hormone biosynthesis and puberty, encom-

v

passing “Steroid hormone biosynthesis”, “Estrogen signaling pathway”, and “Prolactin signaling
pathway”. The subsequent bioinformatics analysis identified nine functional genes that potentially
contribute to the disparity in ovaries between Wanyue black gilts and Yorkshire gilts. This study

offers significant insights into the endocrine and genetic aspects of pubertal development in gilts.

Keywords: gilt; puberty; reproductive hormones; ovary; RNA-seq

1. Introduction

The productivity and economic sustainability of swine production rely significantly
on the reproductive performance of the sow, underscoring the importance of preserving
and enhancing this facet. Puberty onset can be identified by the initial estrus exhibited by
the sow, indicating her attainment of fertility [1]. Puberty timing is primarily influenced by
factors such as breed, weight, nutrition, and exposure to boars [2]. The age of puberty, to a
certain extent, impacts the lifelong reproductive performance of sows. Li et al. reported
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that an early onset of puberty resulted in early mating and farrowing in culled females,
and rising age at puberty increases the age at first mating /farrowing and reduces parity at
culling in females [2]. Consequently, a suitable modification of the age of puberty onset can
offer novel possibilities for enhancing the litter rate.

The hypothalamic—pituitary—ovarian (HPO) axis plays a pivotal role in initiating
puberty, as evidenced by prior investigations [3,4], and modulating this axis holds promise
as an effective therapeutic approach for addressing abnormal puberty [5]. The ovaries, as
integral components of the female reproductive and endocrine systems, play a direct role in
facilitating follicle maturation and synthesizing the steroids and peptide hormones crucial
for initiating puberty, which profoundly influences reproductive performance [2,6-8]. With
the onset of puberty, substantial changes occur in the endocrine function of animals. For
instance, hormone levels secreted by hypothalamus, the pituitary gland, and ovaries
change [9-12]. The hypothalamus secretes gonadotropin-releasing hormone (GnRH). GnRH
stimulates the pituitary gland to secrete follicle-stimulating hormone (FSH) and luteinizing
hormone (LH) [9]. These hormones regulate puberty in mammals. They influence gonadal
folliculogenesis, ovulation, and sex steroid production [10]. In the last 14 days of the
prepubertal stage, researchers observed an increase in LH and estradiol (E2) levels in
Meishan gilts. In contrast, the levels of FSH did not change. However, in the pubertal stage,
the levels of LH, FSH, and progesterone (P4) were higher [11]. In a recent study, hormonal
indexes were identified as predictors of porcine reproductive traits and puberty [12]. This
reveals the importance of reproductive hormones for puberty and reproductive traits
in pigs.

The mechanism governing the initiation of puberty is remarkably intricate and encom-
passes the intricate regulation of hormone secretion, follicular growth and development,
and ovarian function by a multitude of genes. Presently, a multitude of scholars have
utilized candidate genes and molecular markers to explore the genetic mechanisms un-
derlying mammalian puberty. Seminara and Messager [13] demonstrated that the GPR54
gene serves as a pivotal regulator of puberty. Additionally, polymorphic variants in genes
such as KISS-1 [14], ER-« [15], and SHBG [16], among others, have been associated with
mammalian puberty. Research findings have unveiled four gene loci (CTTNBP2NL, FRS2,
KANK4, and KATNAL1) displaying robust indications of selection and functional correla-
tion with puberty [17]. In the ovaries of porcine species during the proestrus and estrus
stages, a comprehensive set of 2167 genes manifested differential expression, encompass-
ing ITGA3, ITGAS, ITGAL11, and ITGB3, which hold potential associations with follicular
growth and oocyte maturation [18]. Chu et al. [19] conducted RNA sequencing (RNA-seq)
to ascertain novel differentially expressed genes (DEGs) that potentially participate in the
regulation of estrus, and these genes were discovered to be engaged in multiple signaling
pathways, including ovarian steroidogenesis and steroid biosynthesis. In summary, the
utilization of RN A-seq presents novel insights into the identification of potential candidate
genes and molecular markers that play a pivotal role in modulating the timing of puberty.

Chinese indigenous pig breeds exhibit shared biological characteristics, including
increased litter size and distinct estrus behaviors [20]. In comparison to Landrace and Large
White breeds, sows of these Chinese breeds attain puberty at an earlier stage, manifest
extended behavioral estrus periods, and display marginally shorter estrus cycles [21,22].
The Wanyue Black pig (WYB) represents a novel, superior-quality, lean breed that emerged
from a collaborative endeavor between Anhui Agricultural University and Resource Seed
Conservation Enterprises. The lineage of the WYB pig consists of 37.5% Huai pig, a native
breed of China, and 37.5% Beijing Black pig, another domestically bred variety, with the
remaining 25% derived from the imported breed, Duroc. Female WYB gilts attain maturity
at approximately six months, presenting a contrast to the customary seven-month period
observed in other East Asian domestic pigs. It was reported that age at puberty in Duroc,
Landrace, and Yorkshire gilts was varied in a certain southern China farm. The puberty of
Duroc gilts averaged 228.93 days, Landrace gilts took 221.45 days, and Yorkshire gilts took
229.31 days [2]. As mentioned earlier, reproductive endocrine and genetic factors assume
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a pivotal role in the regulation of puberty. However, a dearth of studies currently exists
that investigate the gilt ovary gene expression difference between Chinese indigenous
pig breeds and the Yorkshire breed. In order to examine the differences in reproductive
hormones and ovarian genes among different pig breeds, we performed an analysis of
serum hormone levels and ovarian gene expression profiles in pubertal sows of WYB gilts
and Yorkshire (YS) gilts. We identified genes that potentially impact the regulation of gilt
ovary, along with biological processes and pathways that could facilitate the identification
of molecular genetic markers linked to swine ovarian development.

2. Materials and Methods
2.1. Animals and Sample Collection

Six gilts, consisting of three Wanyue Black pigs (aged 6.5 month old) and three York-
shires (aged 7 month old), were provided with identical conditions on pig farms located
in Anhui Province. Individual natural estrus was determined by observing the standing
reflex and conducting the back-pressure test, along with the observation of vulvar red-
ness [23], and meanwhile several mature follicles and corpus luteum were observed in
ovaries (Figure 1) [24]. Prior to euthanasia, six blood samples were collected from the jugu-
lar vein of pubertal gilts. The collected blood (20 mL) was initially stored at 4 °C, followed
by centrifugation at 3000 rpm for 10 min to isolate the serum, which was subsequently
stored at —20 °C. Immediately after blood collection, the ovaries of the gilts were extracted,
and any excess adipose tissue was excised. The ovaries were promptly frozen in liquid
nitrogen and stored at —80 °C until they were required for subsequent analysis. In order to
ensure result accuracy, the ovaries selected for sequencing were exclusively obtained from
the right side of each gilt.

N

Figure 1. Representative images of WYB (A) and YS (B) ovaries. A Primary follicle; @ Corpus luteum;
% Secondary follicle.

2.2. Serum Hormone Detection

The preserved serum samples were retrieved, and FSH (follicle stimulating hormone),
LH (luteinizing hormone), E2 (estrogen), P4 (progesterone), GnRH (gonadotropin-releasing
hormone), and PRL (prolactin) levels were measured by Elisa kit (Keshun Biotechnology
Co., Ltd., Shanghai, China) in accordance with the manufacturer’s instructions. For the
porcine FSH and LH Elisa kits, the assay sensitivity was <0.1 mIU/mL, and the coefficient
of variation within and between plates was <15%. For the Porcine E2, GnRH, PRL Elisa kits,
the assay sensitivity was <0.1 ng/mL and the coefficient of variation was <15%. For the
Porcine P4 Elisa kit, the assay sensitivity was <0.1 pmol/mL and the coefficient of variation
was <15%. Briefly, the Standards were diluted serially and test samples were incubated
in an ELISA plate. The absorbance value (OD) at a wavelength of 450 nm was measured
using a spectrophotometer. Subsequently, the concentration of reproductive hormones was
determined using a standard curve. Each assay was performed in triplicate.
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2.3. RNA Extraction, Library Construction, and Sequencing

Total RNA was extracted and purified from the entire ovarian tissues of gilts using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions.
Subsequent to extraction, the RNA samples were subjected to 1% agarose gel electrophoresis
to evaluate potential contamination and degradation. The NanoPhotometer® spectrometer
(IMPLEN, Westlake Village, CA, USA) was used to assess the purity and concentration of
the RNA samples. Moreover, the integrity and quantity of the RNA were meticulously
evaluated using the RNA Nano 6000 assay kit on the Bioanalyzer 2100 system (Agilent
Technologies, Santa Clara, CA, USA). RNA samples with an OD260/280 absorbance ratio
ranging from 1.8 to 2.0 and an RNA integrity number (RIN) of 7.0 or higher were chosen
for further experimental analyses.

The cDNA library was prepared for sequencing using the cDNA samples obtained
from Wanyue Black and Yorkshire gilts. Briefly, total RNA samples were treated with
DNase I to remove any genomic DNA contamination. Next, mRNA was isolated using
oligo (dT)-attached magnetic beads and fragmented into smaller fragments using an appro-
priate temperature fragmentation buffer. Random primers were used for cDNA synthesis,
followed by terminal repair and ligation. The resulting cDNA underwent PCR amplifica-
tion, and the non-circularized linear DNA molecules were digested, resulting in the final
library. Subsequently, the library was sequenced on the NovaSeq6000 platform (Novogene
Bioinformatics Technology Co., Ltd., Beijing, China).

2.4. Analysis of RNA-Seq Data

The raw reads were subjected to initial processing using custom Perl scripts to filter
out low-quality reads, reads containing adaptors, and reads harboring poly N sequences.
This meticulous step involved removing reads that contained adaptors, had low quality, or
harbored poly N sequences. The clean data was assessed for Q20, Q30, and GC contents,
and the remaining high-quality clean reads were aligned to the swine reference genome sus
scrofa(pig)-11.1 (https:/ /ftp.ensembl.org/pub/release-109/gtf/sus_scrofa/, accessed on
12 December 2022) using HISAT2 software (v2.2.1, http:/ /github.com/infphilo/hisat2/,
accessed on 12 December 2022). Transcript assembly, quantification of gene expression,
and estimation of gene expression abundance were performed using the StringTie software
(v2.2.1, http:/ /ccb jhu.edu/software/stringtie, accessed on 12 December 2022). Addition-
ally, Gffcompare was used to scan the genomic landscape, detect gene annotations, and
analyze transcript assemblies. The DESeq2 R package was utilized to identify differentially
expressed genes (DEGs) between the two investigated groups. Gene expression quantifica-
tion was meticulously performed using the Fragments Per Kilobase of transcript per Million
mapped reads (FPKM) method, enabling a comprehensive assessment of gene activity.
Genes with |log2Fold Change! > 1 and p-adjust < 0.05 were labeled as differentially
expressed.

2.5. Bioinformatics Analysis

Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis of the differentially expressed genes (DEGs) were
performed using the clusterProfiler R package. The DEGs were subsequently categorized
into Biological Process, Molecular Function, and Cellular Component categories. GO terms
with a P-adjust < 0.05 and KEGG pathways with a p-value < 0.05 are generally considered
statistically significant. A protein—protein interaction (PPI) network of the differentially ex-
pressed genes was constructed by submitting gene symbols to the STRING database (v2.2.1,
http://string-db.org/, accessed on 16 December 2022) and visualized using Cytoscape
(v3.8.2, https://cytoscape.org/, accessed on 16 December 2022). A minimum composite
score of 0.4 was utilized for the analysis.
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2.6. Quantitative Real-Time RT-PCR (qRT-PCR)

To validate the accuracy of the sequencing results, a subset of differentially ex-
pressed genes (DEGs) was selected for verification using quantitative real-time polymerase
chain reaction (qQRT-PCR). Total RNA was reverse from transcribed to cDNA using the
PrimeScript™ RT reagent kit (Takara, Osaka, Japan). gqRT-PCR was performed using SYBR
Premix Ex Taq kit (TaKaRa) on a Bio-Rad CFX96 Real-Time Detection System (BioRad,
Hercules, CA, USA). The 20 puL reaction solution contained 9 pul. SYBR, 2 uL. cDNA, 1 uL.
each of the forward and reverse primers, and 7 uL ddH,O.

The qRT-PCR amplification protocol comprised a hot start at 95 °C for 5 s and 60 °C
for 30 s followed by 40 cycles, 65 °C for 55, and 95 °C for 5 s. The 2722t method was used
to calculate the relative expression levels of genes, using (3-actin as an internal control. All
primer sequences are listed in Table 1.

Table 1. Primer sequences used for RT-qPCR.

Gene Name

Forward Primer

Reverse Primer

[-actin GGACTTCGAGCAGGAGATGG AGGAAGGAGGGCTGGAAGAG
RLN2 CTGAGCCAACTTCCCAGAGA CCACCCACAGACGGACTAAT
zr2 CACTGGAGTGACTCGCTACT GTCACGTGTGTGGCATTACA
TIMP1 GTTTCCCTGCACATCCATCC TCTGGAAGCCCTTGTCAGAG
CLU AAATCACTGCTCAGCTCCCT ATCGTCTCATTGCACAAGCC
KITLG CCTCGTGGAATGCATGGAAG TGCCACCATCTCCAAATCCT
UGT1A6 CCCAACCCACTGTCCTATGT CAGAGGAAGCCCTCTGACAA
AKR1D1 CCTCTCTTGCTTGGTTGCTC GTTAGGCTGAGGGACTTGGT
HSD3B1 TTCAATCGCCACTTCGTGAC CCAGGTCAGTGAGTCTTGGT
LOC100515166 AGATCGAGAGCCTGAACGAG GCCTCATACTGCTCCCTCAT
SHC2 CATCCTGGGCAAGAGCAATC GGCCATCAATGGAGATGCTG
FOS AGCTGACTGACACACTCCAA ATCAAGGGAAGCCACAGACA
MMP9 TTCTTCTCTGGACGCCAAGT TTCACGTCGAACCTCCAGAA
BMP15 TTCACTTGGACTCTGGGCAT ATTTGCAACACAGCCCAGTT
CYP19A1 TATCCTTGCACCCGGATGAG AGCTAGCAAAGATGGGTGGT

2.7. Statistical Analysis

The data analysis was performed using GraphPad Prism software (version 5.0, La
Jolla, CA, USA). The significance of the difference between the two groups was assessed
using Student’s f-test. The data were presented as the mean £+ SEM, and a significance
level of p < 0.05 was considered statistically significant.

2.8. Statement of Use of Al or Al-Assisted Technologies

The English polish and logic of the article were completed with the help of GPT-4, a
language model of OpenAl, and the text is free of any plagiarized, falsified, or fabricated
material.

3. Results
3.1. Levels of Reproductive Hormones

As shown in Figure 2, WYB gilts exhibited significantly higher levels of serum estradiol
(E2) compared to YK gilts (p < 0.01). Conversely, the levels of serum progesterone (P4) and
gonadotropin-releasing hormone (GnRH) were significantly lower (p < 0.01). However,
there was no significant difference (p > 0.05) in the levels of follicle-stimulating hormone
(FSH), luteinizing hormone (LH), and prolactin (PRL) in the serum between YK and
WYB gilts.

3.2. The Summary of RNA Sequencing Data

Six cDNA libraries (WYB1, WYB2, WYB3, YK1, YK2, YK3) were generated from ovar-
ian tissues of Wanyue Black and Yorkshire gilts, and subsequently subjected to sequencing
using the Illumina NovaSeq 6000 platform. WYB and YK refer to Wanyue Black and
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Yorkshire gilts, respectively. On average, YK gilt ovaries produced 43.46 million raw reads,
while WYB gilt ovaries yielded 45.06 million raw reads. The data reveals an exceptionally
low overall sequencing error rate of 0.03%. GC content refers to the proportion of cytosine
and guanine in the complete genome of an organism. Interestingly, the samples display an
average GC content of 52%, suggesting that the sequencing result is credible. Furthermore,
each individual sample demonstrates Q20 and Q30 values of approximately 95% and
90%, respectively. Therefore, these findings validate the reliability of the sequencing data.
Following the removal of low-quality reads, an average of 42.33 million and 43.88 million
clean reads were obtained and utilized for subsequent analysis (Table S1). The clean reads
were subsequently aligned to the porcine reference genome using HISAT?2 software (v2.2.1,
http:/ /github.com/infphilo/hisat2, accessed on 12 December 2022). The mapping rate of
clean reads to the reference genome ranged from 92.5% to 93.92%, with 90.43% to 91.75% of
the clean reads uniquely aligned to the porcine reference genome, while 1.93% to 2.27% of
the sequences had multiple alignments to the reference genome. These results indicate that
the RNA sequencing data were suitable for subsequent bioinformatics analysis (Table S1).
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Figure 2. Serum reproductive hormone levels in WYB and YK gilts. (A) Serum E2, (B) P4, (C) GnRH,
(D) FSH, (E) LH, and (F) PRL levels in Wanyue Black gilts and Yorkshire gilts. Values represent
mean =+ standard error. N = 3, ** p < 0.01.

3.3. Identification and Analysis of DEGs

Gene expression levels were normalized using fragments per kilobase of transcript
per million mapped reads (FPKM). The box plot of FPKM distribution revealed com-
parable gene expression patterns between YK and WYB gilts (Figure 3A). Based on
the FPKM values, over 50% of the genes exhibited low expression levels (<1 FPKM),
while approximately 25% of the genes displayed medium expression levels (1 FPKM to
15 FPKM), and around 13% of the genes exhibited medium to high expression levels
(15 FPKM to 60 FPKM). Furthermore, a minority of genes exhibited higher expression
levels (>60 FPKM). A total of 13,110 genes (FPKM > 1) were identified as expressed in
the two gilt breeds. Among these, 12,018 genes were commonly expressed in both gilt
breeds, while 652 genes were exclusively expressed in WYB gilts, and 440 genes were
exclusively expressed in YK gilts (Figure 3B). Furthermore, the heatmap analysis revealed
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distinguishable gene expression patterns between YK and WYB, thus validating the repro-
ducibility of gene expression within each group (Figure 3C). Subsequently, the DESeq2 soft-
ware (v3.18, http:/ /www.bioconductor.org/packages/release/bioc/html/DESeq2.html,
accessed on 12 December 2022) was employed to identify differentially expressed genes.
Then, a total of 154 DEGs were identified in the WYB vs. YK comparison (P.adj < 0.05,
llog2Fold Change| > 1.0), where 87 were up-regulated ( | log2Fold Change | ranging from
1.02 to 7.40) and 67 were down-regulated ( |log2 Fold Change | ranging from 1.06 to 6.12)
in the WYB group compared to the YK group (Figure 3D).

gene expression distribution
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o

DEGs (154)
upregulated: 87

*  down regulated: 67

~logso(pad)

? loga(fold change) E “

Figure 3. Expression profiles of mRNAs in WYB and YK gilts ovaries. (A) Boxplots showing
the expression features of mRNAs. (B) Overlaps of expressed mRNAs. (C) Heatmap of mRNAs.
(D) Volcano plot indicating up- and down-regulated mRNAs.

3.4. Enrichment Analyses of DEGs

To investigate the functional roles of the differentially expressed genes (DEGs), we
performed Gene Ontology (GO) enrichment analysis on the 154 DEGs (Table S2). The
GO annotations of these DEGs were classified into three categories, including 2615 terms
for Biological Process (BP), 300 terms for Cellular Component (CC), and 480 terms for
Molecular Function (MF). Figure 4 displays the top 20 GO terms, and a limited number
of terms in each category were found to be statistically significant (P.adj < 0.05). Overall,
only 10 terms were significantly enriched in the Cellular Component (CC) category, such as
“egg coat”, “extracellular region”, “transcription factor AP-1 complex”, “protease inhibitor
complex”, and “serine protease inhibitor complex”. Additionally, eight terms showed
significant enrichment in the Molecular Function (MF) category, including “acrosin bind-
ing”, “structural constituent of egg coat”, “signaling receptor regulator activity”, “cytokine
activity”, and “peptidase regulator activity”. However, a total of 25 Biological Process (BP)
terms were found to be significantly enriched in the DEGs, several of which are known to

be involved in reproduction, reproductive system development, and ovarian follicle devel-
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opment. These terms included “reproductive process”, “developmental process involved in
reproduction”, “reproductive structure development”, and “gonad development” (Table 2).
Our analysis revealed that ZP3, BMP15, CEBPB, and VGF were implicated in ovarian
follicle development, reproduction, and reproductive system development. Additionally,
FOSL1, WNT2, JUNB, KITLG, and SOCS3 were specifically associated with reproduction

and reproductive system development.
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Figure 4. GO Analyses of DEGs in WYB and YK gilts ovaries, including top 20 enriched GO terms of
the DEGs. Different colors represent different categories. The second circle represents the p-value
and number of background genes in each category. The larger the number of genes, the longer the
bar. The smaller the p-value, the darker the red color. The third circle represents the total number of
foreground genes. The fourth circle represents the Rich Factor value of each category (the number
of foreground genes in the category divided by the number of background genes). Each grid of the
background auxiliary line represents 0.1.

Table 2. GO terms associated with reproduction and ovarian development.

GO Term P.adj Count Genes
SERPINA5; TDRDY; SALL1; MMP9; ZP3; FKBP6; ZP2;
Reproduction 0.0081 22 AREG; RXFP2; ZP4; CLDN11; TIMP1; BMP15; ACSL4;
FOSL1; JUNB; DND1; WNT2; CEBPB; KITLG; SOCS3; VGF
. SALL1; ZP3; RXFP2; BMP15; FOSL1; JUNB; WNT2; CEBPB;
Reproductive system development 0.0139 11 KITLG; SOCS3; VGF
Ovarian follicle development 0.0397 4 ZP3; BMP15; CEBPB; VGF

Subsequently, KEGG enrichment analysis was performed on the differentially ex-
pressed genes (DEGs) using Figure 5 and Table S3 as references. In total, 21 pathways
displayed significant enrichment (p < 0.05), encompassing various pathways such as
“Complement and coagulation cascades”, “Relaxin signaling pathway”, “IL-17 signaling
pathway”, “Neuroactive ligand-receptor interaction”, “TNF signaling pathway”, “PPAR
signaling pathway”, “Pantothenate and CoA biosynthesis”, and “Hippo signaling path-
way”. Furthermore, several pathways were found to be associated with puberty, including
“Steroid hormone biosynthesis”, “Estrogen signaling pathway”, “Ovarian steroidogenesis”,
“Growth hormone synthesis, secretion and action”, and “Prolactin signaling pathway”
(Table 3). Our analysis revealed that five genes, namely HSD3B1, AKR1D1, CYP11A1,
UGT1A6, and BMP15, were enriched in two signaling pathways associated with steroidoge-
nesis. Notably, within the signaling pathways associated with estrogen, growth hormone,

and prolactin, we identified two genes, FOS and SHC2, that play a shared role in the
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regulation of these three pathways. Additionally, SOCS3 was specifically implicated in the

growth hormone and prolactin signaling pathways.

Top 20 of KEGG Enrichment

Complement and coagulation cascades [ J
Relaxin signaling pathway o
IL-17 signaling pathway [ J
Steroid hormone biosynthesis [ J
Neuroactive ligand-receptor interaction o
TNF signaling pathway ] Genehiumber
Osteoclast differentiation [ ) . 2
Estrogen signaling pathway ® ® 4
- PPAR signaling pathway ([ J : g
§ Cell adhesion molecules ®
',c‘g Ovarian steroidogenesis ° pualue
B Pantothenate and CoA biosynthesis . g‘g:
Glycerolipid metabolism ) 0.02
Hippo signaling pathway o 0.01
Growth hormone synthesis, secretion and action [ ]
Prolactin signaling pathway °
Starch and sucrose metabolism .
Breast cancer @
Fluid shear stress and atherosclerosis ([ ]
Bladder cancer *
0.00 0.05 0.10
RichFactor

Figure 5. Significantly enriched KEGG pathways of DEGs. The abscissa represents the Rich factor,
and the ordinate represents the pathway name.

Table 3. KEGG pathways associated with reproductive hormone.

KEGG Pathway p Count Genes
Steroid hormone biosynthesis 0.0028 4 HSD3B1, AKR1D1, CYP11A1, UGT1A6
Estrogen signaling pathway 0.0071 5 FOS, KRT14, MMP9, SHC2, LOC100515166
Ovarian steroidogenesis 0.0133 3 HSD3B1, CYP11A1, BMP15
Growth hormone synthesis, 0.0194 4 FOS, JUNB, SOCS3, SHC?2
Secretion, and action
Prolactin signaling pathway 0.0236 3 FOS, SOCS3, SHC2

3.5. PPI Network Analysis

In order to identify pivotal genes involved in the regulation of puberty onset, we
constructed a protein—protein interaction (PPI) network using the differentially expressed
genes (DEGs) identified from the evaluation of WYB and YK ovaries (Figure 6A). To
identify significant genes, we eliminated small networks with interaction scores below
0.4, along with their corresponding genes and nodes. Additionally, disconnected nodes
were concealed within the network. Ultimately, a central PPI network was established,
consisting of 46 nodes and 68 edges where the interaction score was equal to or greater than
0.4. The nodes within the network represent proteins, while the edges connecting two nodes
indicate a potential functional association between the corresponding proteins. The color
filling of the nodes represents neighborhood connectivity, and the node size reflects the
degree and intensity of the interaction. The average node degree was calculated to be 2.96.
As we conducted gene screening during the construction of the PPI network, genes that did
not participate in the network construction were excluded. Consequently, we considered
genes with a node degree higher than the average node degree (node degree > 2.96) in
the present PPI network to be hub genes. Integrating the enrichment analyses of DEGs,
we identified nine genes, namely FOS, CEBPB, JUNB, FOSL1, BMP15, CYP11A1, SOCS3,
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ZP3, and HSD3B1, which may contribute to the variations in puberty onset between WYB
and YK gilts. To visualize the expression patterns of these genes, we generated a heatmap
illustrating the differential expression of these genes in WYB and YK gilts (Figure 6B).
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Figure 6. PPI network and hub gene screening. (A) PPI network for DEGs. (B) Heatmap of hub gene
expression.

3.6. RNA-Seq Data Validation by RT-qPCR

To validate the accuracy of the RNA-seq data, we randomly selected 14 differentially
expressed genes (DEGs) and assessed their average expression levels in WYB and YK gilt
ovaries using RT-qPCR, respectively. We confirmed the expression levels of these genes in
all six ovaries of YK and WYB gilts. Figure 7 demonstrates that the expression patterns of
the 14 DEGs were in agreement with the RNA-seq data, thereby confirming the reliability
of the RNA-seq results.
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Figure 7. Validation of expression levels of DEGs by RT-qPCR, N = 3. The YK group was set as the
reference group, and log,(Fold Change) is the relative expression of genes in the WYB group.

4. Discussion

Enhancing the reproductive performance of pigs in livestock production directly
contributes to the enhancement of breeding profitability. Precocious puberty is a notable
reproductive characteristic observed in indigenous pig breeds in China. Therefore, in-
vestigating the regulatory mechanisms underlying precocious puberty in livestock and
poultry is of paramount importance. The Chinese Wanyue Black pig exhibits distinctive
precocious puberty traits, with gilts attaining sexual maturity at approximately 6 months of
age. This breed serves as an ideal experimental model for investigating sexually precocious
puberty traits. Ovarian development significantly influences the timing of sexual matu-
rity in female animals, thereby playing a pivotal role in determining their reproductive
performance. Puberty in mammals encompasses crucial processes, including hormone
secretion, follicular development, and ovulation. To examine the endocrine disparities
between the two pig breeds during puberty, we employed ELISA to measure the serum
levels of FSH, E2, LH, P4, GnRH, and PRL in pubertal gilts. During puberty initiation,
GnRH levels rise, activating the hypothalamic—pituitary—ovarian (HPO) axis. Previous
studies have proposed the involvement of GnRH in puberty regulation, as it stimulates
ovarian growth and initiates primiparity through its influence on the expression of other
fertility hormones and their receptor genes [25]. Significantly higher GnRH levels were
observed during puberty in Yorkshire pigs compared to Wanyue Black gilts (p < 0.01).
This difference could be attributed to the potential occurrence of a missed pre-pubertal
peak. Furthermore, GnRH requires time for metabolism, which could contribute to the
increased levels observed in Yorkshire pigs during puberty. Thompson and Garza [26]
reported an increase in LH, FSH, and E2 levels during pre-puberty. Consistent with these
findings, our data revealed a significantly higher serum E2 level in Wanyue Black pigs
compared to Yorkshire pigs (p < 0.01), while the P4 level was significantly lower in Wanyue
Black pigs than in Yorkshire pigs (p < 0.01). Generally, individual reproductive hormones
cannot independently govern the progression of puberty; they interact with one another
to regulate its onset [24]. Although the reproductive hormones PRL, LH, and FSH did
not exhibit significant differences between the two pig breeds (p > 0.05), further investiga-
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tion is warranted to explore the specific regulatory mechanisms, considering the limited
availability of studies on these hormones during puberty onset in animals.

Given the extensive influence of genes on serum hormone metabolism and ovarian
function in animals, we conducted a comprehensive investigation of differentially expressed
genes (DEGs) in the ovaries of Wanyue Black and Yorkshire gilts during the puberty stage.
A total of 13,110 genes were identified through RNA-seq analysis of the ovaries from
Wanyue Black and Yorkshire gilts, and subsequent screening identified 154 DEGs that met
our predefined criteria. In order to gain deeper insights into the underlying biological
processes associated with ovarian development, we performed functional classification of
the DEGs identified in the ovarian tissues of pubertal gilts.

The GO enrichment results revealed a significant enrichment phenomenon between
Wanyue Black and Yorkshire, particularly in terms of Biological Processes related to re-

v v

production, including “reproductive process”, “reproduction”, “reproductive structure

v

development”, “developmental process involved in reproduction”, “reproductive sys-
tem development”, “gonad development”, and “ovarian follicle development”. Notably,
HSD3B1, AKR1D1, CYP11A1, UGT1A6, and BMP15 exhibited higher prevalence in these
processes. Furthermore, FOS, SHC2, and SOCS3 are implicated in the synthesis and se-
cretion of specific hormones, including estrogen, growth hormone, and prolactin. It is
postulated that the expression of these genes may be linked to the hormonal secretion
levels in Wanyue Black gilts during puberty. KEGG analysis of DEGs unveiled several
pathways associated with puberty, encompassing “Steroid hormone biosynthesis”, “Es-
trogen signaling pathway”, “Growth hormone synthesis, secretion, and action”, “Ovarian
steroidogenesis”, and “Prolactin signaling pathway”. Following functional enrichment
analyses of DEGs, we constructed a protein—protein interaction (PPI) network of DEGs.
Nine pivotal genes, including FOS, CEBPB, JUNB, FOSL1, BMP15, CYP11A1, SOCS3, ZP3,
and HSD3B1, were identified as significant regulators involved in reproductive hormone
secretion, follicle development, and reproductive performance, potentially contributing to
the disparities in ovarian development between Wanyue Black and Yorkshire gilts.
Differential expression analysis revealed lower expression levels of BMP15 and ZP3
mRNA in the ovaries of Wanyue Black gilts compared to Yorkshire gilts. Conversely,
the remaining seven key genes, including FOS, CYP11A1, and HSD3B1, exhibited higher
expression in Wanyue Black gilts. Previous studies have reported that FOS, a subunit of
the AP-1 transcription factor, exerts a positive regulatory role in ovarian follicle develop-
ment [27]. Additionally, inhibition of FOS affects the expression of genes involved in the
periovulatory process, thereby influencing follicular development, ovulation, and luteiniza-
tion [28]. Fos knockout mice exhibited arrested follicular development and reduced levels
of FSH and LH [29]. Collectively, these studies suggest that the expression of FOS in the
ovary is indispensable for ovulation and luteinization. Within our constructed PPI network,
the FOS gene exhibited the highest node degree and is considered a crucial regulatory gene.
Lu and Zhou [30] reported a significant elevation in mRNA levels of HSD3B1 and CYP19A1
in ground squirrel ovaries during the breeding season. Additionally, HSD3B1 is implicated
in the hydroxylation metabolism of estrogen, a process closely associated with the repro-
ductive capacity of animals [31]. CYP11A1 plays a pivotal role in ovarian development
and function, as well as various other physiological processes in both sexes [32]. Previous
studies have demonstrated that modulating the expression of CYP11A1 and HSD3B1 can
stimulate luteal angiogenesis, mitigate fluctuations in sex hormones in mice, and confer
benefits to pregnancy [33]. In accordance with the aforementioned findings, our study
revealed a significantly higher mRNA expression of CYP11A1 and HSD3B1 in ovarian
tissue of Wanyue Black gilts compared to Yorkshire gilts. The expression of ZP3 mRNA is
lower in Wanyue Black gilts compared to Yorkshire gilts. Previous research has primarily
focused on the role of the ZP gene family in regulating sperm binding to the oocyte during
fertilization [34]. ZP mRNA expression has been associated with empty follicle syndrome
and abnormal zona pellucida [35]. Additionally, it likely participates in regulating follicle
size and plays a crucial role in female fertilization and reproductive control. The mRNA
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expression pattern of BMP15 in the two gilt breeds mirrors that of ZP3. BMP15 is a well-
known paracrine factor secreted by oocytes [36] and primarily responsible for regulating
the secretion of steroid hormones, cell mitosis, and follicle development [37]. Previous
research has demonstrated a negative correlation between intrafollicular concentrations of
BMP15 and follicle size [38]. Studies have revealed that the expression of BMP15 in human
ovarian granulosa cells stimulates the production of estrogen [39]. However, our study
found an inverse relationship between serum estrogen concentrations in Wanyue Black gilts
and the expression level of BMP15 in ovaries. This discrepancy may be attributed to the
involvement of BMP15 in the intricate BMP15/TGF-3 /SMAD signaling pathway, which
plays a role in the regulation of steroid hormone production [40]. This study identified
differentially expressed genes, including FOS, CEBPB, JUNB, FOSL1, BMP15, CYP11A1,
SOCS3, ZP3, and HSD3B1, in Wanyue Black and Yorkshire gilt ovaries. Nevertheless,
additional research is necessary to elucidate the precise roles of these candidate genes in
the regulation of ovarian development and puberty. We selected three Wanyue black and
three Yorkshire gilts for the study, and the low number of animals and ovaries limited our
research. Our study has certain limitations; in the subsequent research, we will increase
the number of animals and expand the population of pigs to compare the differences in
ovarian gene expression between the bred Wanyue Black pig, the native Chinese Black pig,
and the introduced Yorkshire breed before and after the estrus initiation. This will allow us
to identify potential candidate genes that may influence gilt ovarian development.

5. Conclusions

In this study, we first investigated the serum reproductive hormone levels during the
puberty stage in Wanyue Black gilts and Yorkshire gilts. We found that E2 levels were
higher in Wanyue Black gilts compared to Yorkshire gilts, while P4 and GnRH levels were
higher in Yorkshire gilts. RN A-seq analysis revealed 154 DEGs in the ovaries. Enrichment
analyses of DEGs showed that DEGs were involved in ovarian follicle development and
steroid hormone biosynthesis, among other processes. Finally, we identified nine functional
genes that may influence differences in the ovarian development between Wanyue Black
gilts and Yorkshire gilts. Our results provide new insights on gilt ovary gene expression
among indigenous Chinese pig breeds versus Yorkshire pigs.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/vetsci11030115/s1, Table S1: Summary of sequencing reads aligned with
the Sus Scrofa genome; Table S2: GO analyses of DEGs; Table S3: KEGG pathway analyses of DEGs.

Author Contributions: Conceptualization, Z.Y. and X.Z. (Xiaodong Zhang); methodology, H.Z., S.C.
and Y.L.; software, S.C., S.Z. and Y.L.; validation, S.Z., Y.L. and EX,; formal analysis, Y.L., HW. and
F.X,; investigation, S.Z., EX. and H.W.; resources, S.Z., EX. and H.W.; data curation, H.Z., S.C. and
H.W.; writing—original draft preparation, H.Z.; writing—review and editing, X.Z. (Xiaodong Zhang),
Y.D. and X.Z. (Xianrui Zheng); visualization, S.C., Y.D. and X.Z. (Xianrui Zheng); supervision, Y.D.,
X.Z. (Xianrui Zheng) and Z.Y.; project administration, Y.D., Z.Y. and X.Z. (Xiaodong Zhang); funding
acquisition, X.Z. (Xianrui Zheng), Z.Y. and X.Z. (Xiaodong Zhang). All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program
of China (2021YFD1301200), the National Natural Science Foundation of China (31972531), the
Cooperative Innovation Project of Anhui provincial universities (GXXT-2021-055), the Joint Research
Project on Local Pig Breeding in Anhui Province (340000211260001000431), and the Major Special
Science and Technology Project of Anhui Province (202103a06020013).

Institutional Review Board Statement: All animal experimental protocols were carried out fol-
lowing the guidelines for the care and use of experimental animals formulated by the Institutional
Animal Care and Use Committee of Anhui Agricultural University, Hefei, China, under permit No.
AHAU20211027.

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.


https://www.mdpi.com/article/10.3390/vetsci11030115/s1
https://www.mdpi.com/article/10.3390/vetsci11030115/s1

Vet. Sci. 2024, 11, 115 14 of 15

Data Availability Statement: All raw data during the current study are available in the NCBI
BioProject (https:/ /submit.ncbi.nlm.nih.gov/subs/bioproject) with accession number PRINA1031772
(accessed on 25 October 2023).

Acknowledgments: The support and help provided by Xianwen Zhu is gratefully acknowledged.
The language refinement and logic of this article were completed through chatGPT4 under OpenAl

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Nonneman, D.J.; Schneider, ].F.; Lents, C.A.; Wiedmann, R.T.; Vallet, ].L.; Rohrer, G.A. Genome-wide association and identification
of candidate genes for age at puberty in swine. BMC Genet. 2016, 17, 50. [CrossRef]

2. Li, Q; Yuan, X,; Chen, Z.; Zhang, A.; Zhang, Z.; Zhang, H.; Li, ]. Heritability estimates and effect on lifetime reproductive
performance of age at puberty in sows. Anim. Reprod. Sci. 2018, 195, 207-215. [CrossRef]

3. Perry, G.A. Factors affecting puberty in replacement beef heifers. Theriogenology 2016, 86, 373-378. [CrossRef]

4. Blakemore, S.J.; Burnett, S.; Dahl, R.E. The role of puberty in the developing adolescent brain. Hum. Brain Mapp. 2010, 31, 926-933.
[CrossRef]

5. Hu, K; Sun, W,; Li, Y;; Zhang, B.; Zhang, M.; Guo, C.; Wang, X. Study on the Mechanism of Sarsasapogenin in Treating Precocious
Puberty by Regulating the HPG Axis. Evid.-Based Complement. Altern. Med. eCAM 2020, 2020, 1978043. [CrossRef]

6. Mlodawska, W.; Grzesiak, M.; Kochan, J.; Nowak, A. Intrafollicular level of steroid hormones and the expression of androgen
receptor in the equine ovary at puberty. Theriogenology 2018, 121, 13-20. [CrossRef] [PubMed]

7. Ernst, E.; Kjersgaard, M.; Birkebzaek, N.H.; Clausen, N.; Andersen, C.Y. Case report: Stimulation of puberty in a girl with chemo-
and radiation therapy induced ovarian failure by transplantation of a small part of her frozen/thawed ovarian tissue. Eur. J.
Cancer 2013, 49, 911-914. [CrossRef] [PubMed]

8.  Baudry, M.; Bi, X.; Aguirre, C. Progesterone-estrogen interactions in synaptic plasticity and neuroprotection. Neuroscience 2013,
239, 280-294. [CrossRef] [PubMed]

9. Li Q,;Pan, X;Li, N,; Gong, W.; Chen, Y.; Yuan, X. Identification of Circular RNAs in Hypothalamus of Gilts during the Onset of
Puberty. Genes 2021, 12, 84. [CrossRef] [PubMed]

10. Dutta, S.; Mark-Kappeler, C.J.; Hoyer, P.B.; Pepling, M.E. The steroid hormone environment during primordial follicle formation
in perinatal mouse ovaries. Biol. Reprod. 2014, 91, 68. [CrossRef] [PubMed]

11.  Prunier, A.; Chopineau, M.; Mounier, A.M.; Mormede, P. Patterns of plasma LH, FSH, oestradiol and corticosteroids from birth to
the first oestrous cycle in Meishan gilts. J. Reprod. Fertil. 1993, 98, 313-319. [CrossRef] [PubMed]

12.  Sirotkin, A.V,; Pivko, J. Hormonal indexes as predictors of porcine reproductive traits. Anim. Sci. J. 2023, 94, €13879. [CrossRef]
[PubMed]

13. Seminara, S.B.; Messager, S.; Chatzidaki, E.E.; Thresher, R.R.; Acierno, ].S., Jr.; Shagoury, ].K.; Colledge, W.H. The GPR54 gene as a
regulator of puberty. N. Engl. ]. Med. 2003, 349, 1614-1627. [CrossRef]

14. Kaiser, U.B.; Kuohung, W. KiSS-1 and GPR54 as new players in gonadotropin regulation and puberty. Endocrine 2005, 26, 277-284.
[CrossRef] [PubMed]

15. Long, J.R.; Xu, H.; Zhao, L.J.; Liu, PY.; Shen, H.; Liu, YJ.; Deng, H.W. The oestrogen receptor alpha gene is linked and/or
associated with age of menarche in different ethnic groups. J. Med. Genet. 2005, 42, 796-800. [CrossRef] [PubMed]

16. Xita, N.; Tsatsoulis, A.; Stavrou, I; Georgiou, I. Association of SHBG gene polymorphism with menarche. Mol. Hum. Reprod. 2005,
11, 459-462. [CrossRef]

17.  Yang, Y.; Adeola, A.C,; Xie, H.B.; Zhang, Y.P. Genomic and transcriptomic analyses reveal selection of genes for puberty in Bama
Xiang pigs. Zool. Res. 2018, 39, 424—430. [CrossRef]

18. Yang, S.; Zhou, X;; Pei, Y.; Wang, H.; He, K.; Zhao, A. Identification of Differentially Expressed Genes in Porcine Ovaries at
Proestrus and Estrus Stages Using RNA-Seq Technique. BioMed Res. Int. 2018, 2018, 9150723. [CrossRef]

19. Chu, Q.; Zhou, B.; Xu, E; Chen, R.; Shen, C.; Liang, T.; Schinckel, A.P. Genome-wide differential mRNA expression profiles in
follicles of two breeds and at two stages of estrus cycle of gilts. Sci. Rep. 2017, 7, 5052. [CrossRef]

20. Fan, B.; Wang, Z.G.; Li, Y.J.; Zhao, X.L,; Liu, B.; Zhao, S.H.; Li, K. Genetic variation analysis within and among Chinese indigenous
swine populations using microsatellite markers. Anim. Genet. 2002, 33, 422—427. [CrossRef]

21. Hunter, M.G.; Biggs, C.; Foxcroft, G.R.; McNeilly, A.S,; Tilton, J.E. Comparisons of endocrinology and behavioural events during
the periovulatory period in Meishan and large-white hybrid gilts. J. Reprod. Fertil. 1993, 97, 475-480. [CrossRef] [PubMed]

22. Bazer, EW,; Thatcher, W.W.; Martinat-Botte, F.; Terqui, M. Sexual maturation and morphological development of the reproductive
tract in large white and prolific Chinese Meishan pigs. J. Reprod. Fertil. 1988, 83, 723-728. [CrossRef] [PubMed]

23. Chen, Z,; Pan, X.; Kong, Y,; Jiang, Y.; Zhong, Y.; Zhang, H.; Zhang, Z.; Yuan, X; Li, ]. Pituitary-Derived Circular RNAs Expression
and Regulatory Network Prediction during the Onset of Puberty in Landrace x Yorkshire Crossbred Pigs. Front. Genet. 2020,
11, 135. [CrossRef] [PubMed]

24. Zhu, Y;Ye,].; Qin, P; Yan, X;; Gong, X.; Li, X,; Liu, Y,; Li, Y;; Yu, T.; Zhang, Y.; et al. Analysis of serum reproductive hormones and

ovarian genes in pubertal female goats. |. Ovarian Res. 2023, 16, 69. [CrossRef] [PubMed]


https://submit.ncbi.nlm.nih.gov/subs/bioproject
https://doi.org/10.1186/s12863-016-0352-y
https://doi.org/10.1016/j.anireprosci.2018.05.025
https://doi.org/10.1016/j.theriogenology.2016.04.051
https://doi.org/10.1002/hbm.21052
https://doi.org/10.1155/2020/1978043
https://doi.org/10.1016/j.theriogenology.2018.07.026
https://www.ncbi.nlm.nih.gov/pubmed/30125823
https://doi.org/10.1016/j.ejca.2012.09.028
https://www.ncbi.nlm.nih.gov/pubmed/23084082
https://doi.org/10.1016/j.neuroscience.2012.10.051
https://www.ncbi.nlm.nih.gov/pubmed/23142339
https://doi.org/10.3390/genes12010084
https://www.ncbi.nlm.nih.gov/pubmed/33445426
https://doi.org/10.1095/biolreprod.114.119214
https://www.ncbi.nlm.nih.gov/pubmed/25078683
https://doi.org/10.1530/jrf.0.0980313
https://www.ncbi.nlm.nih.gov/pubmed/8410794
https://doi.org/10.1111/asj.13879
https://www.ncbi.nlm.nih.gov/pubmed/37823448
https://doi.org/10.1056/NEJMoa035322
https://doi.org/10.1385/ENDO:26:3:277
https://www.ncbi.nlm.nih.gov/pubmed/16034182
https://doi.org/10.1136/jmg.2004.028381
https://www.ncbi.nlm.nih.gov/pubmed/16199553
https://doi.org/10.1093/molehr/gah178
https://doi.org/10.24272/j.issn.2095-8137.2018.068
https://doi.org/10.1155/2018/9150723
https://doi.org/10.1038/s41598-017-04336-x
https://doi.org/10.1046/j.1365-2052.2002.00898.x
https://doi.org/10.1530/jrf.0.0970475
https://www.ncbi.nlm.nih.gov/pubmed/8501718
https://doi.org/10.1530/jrf.0.0830723
https://www.ncbi.nlm.nih.gov/pubmed/3411562
https://doi.org/10.3389/fgene.2020.00135
https://www.ncbi.nlm.nih.gov/pubmed/32180798
https://doi.org/10.1186/s13048-023-01150-0
https://www.ncbi.nlm.nih.gov/pubmed/37024956

Vet. Sci. 2024, 11, 115 15 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

MclIlwraith, E.K.; Belsham, D.D. Hypothalamic reproductive neurons communicate through signal transduction to control
reproduction. Mol. Cell. Endocrinol. 2020, 518, 110971. [CrossRef] [PubMed]

Thompson, D.L,, Jr.; Garza, F, Jr.; St George, R.L.; Rabb, M.H.; Barry, B.E.; French, D.D. Relationships among LH, FSH and
prolactin secretion, storage and response to secretagogue and hypothalamic GnRH content in ovariectomized pony mares
administered testosterone, dihydrotestosterone, estradiol, progesterone, dexamethasone or follicular fluid. Domest. Anim.
Endocrinol. 1991, 8, 189-199. [CrossRef]

Li, W,; Zeng, W.; Jin, X,; Xu, H.; Fang, X.; Ma, Z.; Ma, L. High-Altitude Stress Orchestrates mRNA Expression and Alternative
Splicing of Ovarian Follicle Development Genes in Tibetan Sheep. Animals 2022, 12, 2812. [CrossRef]

Choi, Y,; Jeon, H.; Akin, ] W.; Curry, TE.; Jo, M. The FOS/AP-1 Regulates Metabolic Changes and Cholesterol Synthesis in Human
Periovulatory Granulosa Cells. Endocrinology 2021, 162, bqab127. [CrossRef]

Choi, Y.; Rosewell, K.L.; Brannstrom, M.; Akin, ].W.; Curry, T.E., Jr.; Jo, M. FOS, a Critical Downstream Mediator of PGR and
EGF Signaling Necessary for Ovulatory Prostaglandins in the Human Ovary. J. Clin. Endocrinol. Metab. 2018, 103, 4241-4252.
[CrossRef]

Lu, W,; Zhou, Y; Liu, Y.; Zhang, H.; Yuan, Z.; Han, Y.; Weng, Q. Seasonal changes of vitamin D3 and ovarian steroidogenesis in
the wild ground squirrels (Citellus dauricus Brandt). J. Steroid Biochem. Mol. Biol. 2023, 234, 106385. [CrossRef]

Liu, W.; Du, C.; Nan, L,; Li, C.; Wang, H.; Fan, Y.; Zhang, S. Influence of Estrus on Dairy Cow Milk Exosomal miRNAs and Their
Role in Hormone Secretion by Granulosa Cells. Int. J. Mol. Sci. 2023, 24, 9608. [CrossRef]

Yu, D; Jiang, X.; Ge, W.; Qiao, B.; Zhang, D.; Liu, H.; Kuang, H. Gestational exposure to acrylamide suppresses luteal endocrine
function through dysregulation of ovarian angiogenesis, oxidative stress and apoptosis in mice. Food Chem. Toxicol. 2022,
159, 112766. [CrossRef]

Song, Y.; Hu, R; Li, F; Huang, Y,; Liu, Z.; Geng, Y.; Zhang, M. In view of ovarian steroidogenesis and luteal construction to
explore the effects of Bushen Huoxue recipe in mice of ovarian hyperstimulation. J. Ethnopharmacol. 2024, 318, 116913. [CrossRef]
Trocka, D.; Satie, A.P.; Ravel, C. The human zona pellucida: New genetic findings. Med. Sci. 2023, 39, 522-529. [CrossRef]

Sun, L.; Tong, K,; Liu, W,; Tian, Y,; Liu, D.; Huang, G.; Li, J. Novel variants in ZP1, ZP2 and ZP3 associated with empty follicle
syndrome and abnormal zona pellucida. Reprod. Biomed. Online 2023, 46, 847-855. [CrossRef]

Hao, X.; Yuan, F; Cui, Y.; Zhang, M. Oocyte-secreted factor TGFB2 enables mouse cumulus cell expansion in vitro. Mol. Reprod.
Dev. 2022, 89, 554-562. [CrossRef] [PubMed]

Zhai, Y.; Zhang, X.; Zhao, C.; Geng, R.; Wu, K,; Yuan, M.; Ai, N.; Ge, W. Rescue of bmp15 deficiency in zebrafish by mutation of
inha reveals mechanisms of BMP15 regulation of folliculogenesis. PLoS Genet. 2023, 19, €1010954. [CrossRef]

Kristensen, S.G.; Kumar, A.; Mamsen, L.S.; Kalra, B.; Pors, S.E.; Botkjeer, ].A.; Macklon, K.T.; Fedder, J.; Ernst, E.; Hardy, K.; et al.
Intrafollicular Concentrations of the Oocyte-secreted Factors GDF9 and BMP15 Vary Inversely in Polycystic Ovaries. . Clin.
Endocrinol. Metab. 2022, 107, €3374—-e3383. [CrossRef] [PubMed]

Shimizu, K.; Nakamura, T.; Bayasula Nakanishi, N.; Kasahara, Y.; Nagai, T.; Murase, T.; Osuka, S.; Goto, M.; Iwase, A.; Kikkawa,
F. Molecular mechanism of FSHR expression induced by BMP15 in human granulosa cells. J. Assist. Reprod. Genet. 2019, 36,
1185-1194. [CrossRef] [PubMed]

Ma, X.; Yi, H. BMP15 regulates FSHR through TGF-f3 receptor II and SMAD4 signaling in prepubertal ovary of Rongchang pigs.
Res. Vet. Sci. 2022, 143, 66-73. [CrossRef] [PubMed]

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/10.1016/j.mce.2020.110971
https://www.ncbi.nlm.nih.gov/pubmed/32750397
https://doi.org/10.1016/0739-7240(91)90055-O
https://doi.org/10.3390/ani12202812
https://doi.org/10.1210/endocr/bqab127
https://doi.org/10.1210/jc.2017-02532
https://doi.org/10.1016/j.jsbmb.2023.106385
https://doi.org/10.3390/ijms24119608
https://doi.org/10.1016/j.fct.2021.112766
https://doi.org/10.1016/j.jep.2023.116913
https://doi.org/10.1051/medsci/2023081
https://doi.org/10.1016/j.rbmo.2023.01.010
https://doi.org/10.1002/mrd.23646
https://www.ncbi.nlm.nih.gov/pubmed/36128893
https://doi.org/10.1371/journal.pgen.1010954
https://doi.org/10.1210/clinem/dgac272
https://www.ncbi.nlm.nih.gov/pubmed/35511085
https://doi.org/10.1007/s10815-019-01469-y
https://www.ncbi.nlm.nih.gov/pubmed/31079267
https://doi.org/10.1016/j.rvsc.2021.12.013
https://www.ncbi.nlm.nih.gov/pubmed/34979443

	Introduction 
	Materials and Methods 
	Animals and Sample Collection 
	Serum Hormone Detection 
	RNA Extraction, Library Construction, and Sequencing 
	Analysis of RNA-Seq Data 
	Bioinformatics Analysis 
	Quantitative Real-Time RT-PCR (qRT-PCR) 
	Statistical Analysis 
	Statement of Use of AI or AI-Assisted Technologies 

	Results 
	Levels of Reproductive Hormones 
	The Summary of RNA Sequencing Data 
	Identification and Analysis of DEGs 
	Enrichment Analyses of DEGs 
	PPI Network Analysis 
	RNA-Seq Data Validation by RT-qPCR 

	Discussion 
	Conclusions 
	References

