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The hypothalamus-pituitary-gonadal (HPG) axis is an important neuroendocrine regulatory center involved in
egg-laying process in poultry. However, its mechanism of regulating broodiness behavior and laying performance
in geese remains unclear. This study explored the molecular mechanism by which the HPG axis regulates
brooding behavior in Wanxi white geese (WWG). The hypothalamus, pituitary, and ovarian tissues of Wanxi
white geese were collected at laying and brooding periods for transcriptome sequencing analysis. A total of 240
(BH vs. LH), 319 (BP vs. LP), and 445 (BO vs. LO) differentially expressed genes, and 56 (BH vs. LH), 82 (BP vs.
LP), and 48 (BO vs. LO) differentially expressed miRNAs were identified. Gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis showed that differentially expressed
genes (DEGs) and differentially expressed miRNAs (DEMs) were significantly enriched in hormone level regu-
lation, cell communication, calcium signaling pathway, GnRH signaling pathway, MAPK signaling pathway, Wnt
signaling pathway, and other processes. Six DEGs and four DEMs were randomly selected for real-time fluo-
rescence quantitative reverse transcription PCR (RT-qPCR). The results showed that the transcriptome
sequencing data were accurate and reliable. In addition, 22 potential hub miRNAs were screened. Dual luciferase
reporter assays confirmed the targeting relationship between miR-144-y and DIO3. The results showed that the
miRNAs mainly regulated the laying performance and brooding behavior of WWG by mediating the expression of
target genes. In this study, we systematically elucidated the mechanisms by which the HPG axis regulates the
broodiness behavior and laying performance of WWG at the post-transcriptional level. Several miRNAs and
mRNAs associated with the reproductive performance of WWG were identified, providing a crucial reference for
the subsequent use of gene editing technologies to breed new varieties and advance the development of WWG
breeding industry.

Introduction

Geese are seasonal breeding poultry with short breeding period and
strong broodiness (Yao et al., 2019). Broodiness is a unique behavioral
trait commonly observed in poultry reproduction and is mainly affected
by environmental, endocrinal, and genetic factors. During the brooding
process, the ovarian steroid production and cell proliferation and
apoptosis processes are reduced in female poultry. This is accompanied
by atretic follicles and atrophic ovaries and fallopian tubes (Liu et al.,
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2018; Yin et al., 2019; Shen et al., 2024), resulting in reduced egg
production in geese. Poultry reproductive traits are mainly regulated by
the central nervous system (Nakane and Yoshimura, 2019), which is
highly dependent on the synthesis and release of sex hormones. As the
main branch of the endocrine system, the
hypothalamic-pituitary-gonadal (HPG) axis directly controls the secre-
tion of sex hormones and is the basis of reproductive endocrine control
in poultry (Guchhait et al., 2018). The hypothalamus is located above
the HPG axis and stimulates the anterior pituitary gland to secrete
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gonadotropin via pulsed secretion of gonadotropin-releasing hormone
(GnRH). It also acts on the ovary to secrete estrogen (Sanchez and De
Jesus, 2024), facilitating egg production in female poultry. Multiple
hormones and neurotransmitters produced by the HPG axis also
collectively regulate broodiness in various poultry, including Wanxi
white geese (WWG). The hypothalamus releases GnRH and stimulates
the secretion of prolactin (PRL), whose levels increase with the degra-
dation of reproductive functions (Pan et al., 2022). If GnRH secretion
exceeds a critical threshold, it triggers a negative feedback mechanism
that suppresses the activity of GnRH neurons, luteinizing hormone
release, and gonadotropin secretion, ultimately impairing follicular
development (Grachev et al., 2015). Therefore, an in-depth exploration
of the regulatory mechanism of the HPG axis could aid in revealing the
factors underlying broodiness and improve the laying performance in
WWG.

As an important part of functional genomics studies, transcriptome
sequencing technology has been widely used in poultry transcriptome
analysis (Gao et al., 2023). Many genes that may affect broodiness have
been found in the HPG axis of geese. Through screening the differen-
tially expressed genes (DEGs) in the hypothalamus of Huoyan geese
during the laying and brooding periods, it was found that GnRH-related
genes Adiponectin Receptor 2 (AdipoR2), Neuregulin 1 (Nrgl), and
Neural Cell Adhesion Molecule 1 (NCAM1) may regulate broodiness in
geese (Luan et al., 2014). miRNAs are a class of endogenous small
non-coding RNA molecules consisting of about 21-25 nucleotides.
MiRNAs regulate gene expression by binding to the 3’ or 5’ untranslated
regions (UTRs) of the target mRNAs, leading to degradation or trans-
lation inhibition of the mRNAs, thereby affecting broodiness and
egg-laying performance in poultry. G-miR-146 and G-miR-143* were
found to regulate broodiness in poultry (Chen et al., 2014). Moreover,
miR-21 (Zhang et al., 2017), miR-205 (Zhang et al.,, 2019),
G-miR-34b-5p, miR-6006, and G-miR-1620 (Liu et al., 2018) are
reportedly differentially expressed in the hypothalamus, ovary, and
follicles of poultry during the brooding and laying periods. Although
several candidate genes and pathways related to broodiness have been
screened at the transcriptome level in recent years, studies on the mo-
lecular regulatory mechanism of broodiness in WWG are still scarce.
Therefore, the interaction between candidate genes, the
miRNA-mediated regulation of genes, and the specific molecular
mechanism regulating broodiness in WWG are still unclear.

Geese breeding industry plays an important role in China’s agricul-
tural and economic development (Akhtar et al., 2021). As one of the
high-quality poultry breeding resources in China, WWG exhibits rapid
growth, high slaughter rate, and superior meat quality during the early
growth stage, with good economic benefits. However, the broodiness
behavior causes reduced annual egg production of WWG and obvious
reproductive cycle segmentation (broodiness period, laying period)
(Wang et al., 2021), which seriously affects the reproductive perfor-
mance and development of the WWG production industry. By exploring
the differentially expressed mRNA and miRNA in WWG at various
breeding stages and constructing an mRNA-miRNA interaction network,
a combined analysis of mRNA and miRNA can offer a more compre-
hensive understanding of the mechanisms by which the HPG axis reg-
ulates laying performance and brooding behavior in WWG. In this study,
the expression profiles of miRNAs and mRNAs in the HPG axis of WWG
were explored at laying and brooding periods using RNA-seq technol-
ogy. The key genes of the HPG axis regulating the broodiness of geese at
laying and brooding periods were also screened. Moreover, the
miRNA-mRNA interaction network was constructed to understand the
molecular regulatory mechanism of WWG broodiness. The results of this
study provide a reference for further studies on the miRNA and mRNA
related to WWG broodiness and their potential relationship and func-
tional role in reproductive regulation. This could aid in improving the
broodiness traits and egg production performance of WWG, thus pro-
moting the development of the geese breeding industry.
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Material and methods
Sample collection

The geese used in this study were obtained from Dingyuan Junming
Ecological Farm. (Dingyuan, Anhui Province, China) and were reared
under standardized feeding management practices in a controlled
environment. Based on the laying and brooding behavior of WWG, geese
were selected and divided into two groups: laying period and brooding
period. Nine laying period geese (n = 9; 3-year-old; 3.2 kg + 0.2 kg;
female) and nine brooding period geese (n = 9; 3-year-old; 3.2 kg + 0.2
kg; female) were randomly selected and reared separately. Next, three
geese from each group were randomly chosen for sample collection. All
geese were euthanised via cervical dislocation, and the hypothalamus,
pituitary gland, and ovaries were immediately excised and rinsed with
phosphate-buffered saline (PBS) buffer. The samples were snap-frozen
in liquid nitrogen and stored at -80°C for total RNA extraction. The
samples from the brooding period hypothalamus (BH) group were
labelled BH1, BH2, and BH3; those from the brooding period pituitary
(BP) group were labelled BP1, BP2, and BP3; and those from the
brooding period ovary (BO) group were labelled BO1, BO2, and BO3.
Similarly, samples from the laying period hypothalamus (LH) group
were labelled LH1, LH2, and LH3; those from the laying period pituitary
(LP) group were labelled LP1, LP2, and LP3; and those from the laying
period ovary (LO) group were labelled LO1, LO2, and LO3. All
sequencing libraries were constructed and sequenced by the Gene
Denovo Biotechnology Co., Ltd (Guangzhou, China). The specific steps
were as follows: Total RNA was extracted using the Trizol kit (Invi-
trogen, USA) according to the manufacturer’s instructions, and its
quality was assessed with the Agilent Technologies 2100 Bioanalyzer
(Agilent Technologies, USA). The RNA was then purified and repaired
using the QiaQuick PCR kit (QIAGEN, China). Transcriptome
sequencing libraries were prepared using the Illumina TruSeq kit (Illu-
mina, USA) and sequenced on the Illumina HiSeqTM 4000 (Illumina,
USA).

Preparation of ovarian tissue sections

Tissue samples were fixed in 4 % paraformaldehyde for 6-8 h, rinsed
with running water for 1 h, and then dehydrated in ethanol solutions
with varying concentrations (70 %, 80 %, 85 %, 90 %, 95 %, and 100 %)
for 30 mins each. The dehydrated samples were subsequently embedded
in paraffin. The embedded samples were sectioned into 4 pm slices and
stained with hematoxylin solution (Beyotime, China) for 4 min, followed
by eosin staining for 3 min. The stained sections were then dehydrated in
ethanol, cleared in xylene for transparency, and finally mounted with
resin.

Transcriptome data analysis

To ensure the reliability and accuracy of the data, we first processed
raw reads, which entailed removing the low-quality reads, trimming the
splice sequences, and eliminating the poor quality bases (Xu et al.,
2023). The sequences were then filtered using Seqtk (https://github.
com/lh3/seqtk) to get the clean reads (Lin et al., 2022). The filtered
clean reads were compared with the reference genome
(NCBI_GCF_002166845.1) using Hisat2 (v2.0.4) (Kim et al., 2015)
software to identify DEGs and quantify gene expression in the samples.
Transcripts were assembled using StringTie (v1.3.5) (Kovaka et al.,
2019), and the expression levels of the transcripts were determined
using the Fragments per Kb per Million Fragments (FPKM) method. The
differential fold change (FC) was calculated based on the threshold
parameters of |[log2FC| > 1 and P < 0.05 for the DEGs (Hu et al., 2020).
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MiRNA data analysis

After quality control of raw sequencing data, miRNA identification
and quantification were performed to identify known miRNAs and
predict new miRNAs. MiRNA expression of different samples was
compared using Transcription per million (TPM) (Zhao et al., 2020) to
identify the differentially expressed miRNAs (DEMs). DEMs were
identified using the DEseq2 package (Anders and Huber, 2010), with
thresholds set at |log2FC| > 0.26 and P < 0.05. Since DEMs may affect
physiological processes by regulating specific target genes, target gene
prediction was conducted via two methods, namely Miranda (v3.3.a)
and TargetScan (v7.0) (Kuijjer et al., 2020). The genes predicted by both
methods are considered to be miRNA target genes.

GO and KEGG enrichment analysis

DEGs and the target genes of the DEMs were analysed by Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways using ClusterProfiler (v3.10.1) (Guangchuang et al., 2012)
and KOBAS (v2.0) (Chen et al., 2011). The P < 0.05 values indicated
significantly enriched, while P < 0.01 indicated highly significantly
enriched GO terms and KEGG pathways.

Combined MiRNA-MRNA analysis

To investigate the interactions between DEGs and the miRNA-
mediated regulation of genes, we performed a comprehensive analysis
of DEMs and their target genes elucidate the miRNA-mRNA interaction.
The miRNA-mRNA networks were constructed using Cytoscape (v3.8.0)
(Shannon et al., 2003) software.

Validation by real-time fluorescence quantitative reverse transcription PCR
(RT- gPCR)

Primers (Supplementary Table S1) were designed using Oligo 7 and
miRNA Design software and synthesised by Sangon Biotech Co., Ltd
(Shanghai, China). GAPDH and U6 were used as the internal reference
genes for mRNAs and miRNAs, respectively, and six DEGs and four
DEMs were randomly selected to verify the sequencing results (Li et al.,
2014). The mRNAs were quantified using SYBR qPCR Master Mix
(EZBioscience, USA), while miRNAs were quantified using miRNA
Universal miRNA SYBR qPCR Master Mix (Vazyme, Nanjing, China).
The reaction conditions for both mRNAs and miRNA were 95°C for 5
min, followed by 40 cycles of 95°C for 10 s and 60°C for 30 s.

Dual luciferase detection

The DIO3-3' UTR-WT and DIO3-3' UTR-MUT plasmids were designed
using the vector psiCHECK2 (Promega, USA). 293T cells (Procell, CA)
were seeded in a 24-well plate and cultured for 24 h until they reached
80 % confluency. The cells were transfected with Lip3000 (Invitrogen,
USA) using 1 ug DNA and 15 pmol of miRNA for co-transfection. After
48 h, the cells were lysed and centrifuged at 12000 x g at 4°C for 10 min.
Subsequently, 20 pl of the supernatant was mixed with the firefly
luciferase and renal luciferase detection reagents, and luciferase activ-
ities were measured at wavelengths of 560 nm for firefly luciferase and
465 nm for renal luciferase activity.

Statistical analyses

The relative expression levels of DEGs and DEMs were normalized to
the internal reference genes GAPDH and U6 using the 2-**CT method
(Bustin et al., 2009). All experimental data are expressed as mean =+
standard error of the mean (SEM), and statistical significance was
analyzed using one-way ANOVA and independent sample t test with
SPSS 27.0 software, where P < 0.05 was considered significant. Visual
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statistical analysis was performed using GraphPad Prism 8 (v8.2.1) and
Cytoscape (v3.8.2).

Results

Morphological analysis of ovarian tissue of WWG in different breeding
periods

Numerous graded follicles were detected in WWG ovaries during the
laying period (Fig. 1 A and B). However, in the WWG ovaries, a signif-
icant number of follicles were blocked, indicating a decline in ovarian
function (Fig. 1C and D).

Quality control of sequencing data

We obtained 1,604,901,192 raw sequences from 18 samples. After
filtering the data, 1,598,999,134 valid sequences were obtained. The
Q20 and Q30 of each sample were above 97 % and 93 %, respectively,
and the GC base contents were relatively the same, with stable and
balanced base composition. The comparison results showed that more
than 83 % of the valid sequences could align with the reference genome
of geese (Supplementary Table S2). These results indicated that the
quality of the sequencing data was good and could be used for further
analysis.

Analysis of DEGs

To accurately determine the differences in gene expression between
groups, we generated volcano plots to visually observe the DEGs be-
tween the two groups. The BH vs. LH comparison group had 152 up-
regulated and 88 down-regulated genes (Fig. 2A, Supplementary
Table S3), while the BP vs. LP had 239 up-regulated and 80 down-
regulated genes (Fig. 2B, Supplementary Table S4). Moreover, there
were 161 up-regulated and 284 down-regulated genes in the BO vs. LO
comparison group (Fig. 2C, Supplementary Table S5).

GO functional enrichment analysis of the DEGs

GO enrichment analysis was performed on the selected DEGs. In the
BH vs. LH group, the DEGs were significantly enriched in 142 GO entries
(P < 0.05), mainly the G protein-coupled receptor signaling pathway,
cell-cell signaling, endocrine hormone secretion, and regulation of
corticosterone secretion (Fig. 3A). For the BP vs. LP group, the DEGs
were significantly enriched in 54 GO entries (P < 0.05), mainly receptor
ligand activity, receptor activity regulation, myosin complex, and G
protein-coupled receptor binding (Fig. 3B). The BO vs. LO group
exhibited significant enrichment of the DEGs in 20 GO entries (P <
0.05), including hormone level regulation, ion transport, nucleoside
catabolism, and animal organ development (Fig. 3C).

KEGG enrichment analysis of the DEGs

Through KEGG enrichment analysis, we identified 70 DEGs in the BH
vs. LH group, which significantly were enriched in 10 signaling path-
ways (P < 0.05), including calcium signaling, Apelin signaling, and
GnRH signaling pathways (Fig. 4A). There were 80 DEGs in the BP vs. LP
group, which were significantly enriched in 11 signal pathways (P <
0.05), including amino acid biosynthesis, linoleic acid metabolism, and
carbon metabolism pathways (Fig. 4B). Moreover, 104 DEGs in the BO
vs. CL group were significantly enriched in 9 signal pathways (P < 0.05),
including tyrosine metabolism, steroid hormone biosynthesis, and py-
rimidine metabolism pathways, among others (Fig. 4C).

Analysis of the DEMs

To accurately determine the differences in miRNA expression
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Fig. 1. Morphological changes in the ovaries of WWG during different breeding periods. (A) Ovarian tissue during the laying period. (B)The results of hematoxylin-
eosin staining of ovarian tissue during the laying period. (C) Ovarian tissue during the brooding period. (D)The results of hematoxylin-eosin staining of ovarian tissue

during the brooding period.
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Fig. 2. Distribution map of the number of DEGs between the different groups. (A) BH vs. LH group. (B) BP vs. LP group. (C) BO vs. LO group. Red indicates up-

regulation, while yellow indicates down-regulation.

between groups, we generated a volcano plot for visual evaluation.
There were 56 DEMs (42 up-regulated and 14 down-regulated) in the BH
vs. LH group (Fig. 5A, Supplementary Table S6) and 82 DEMs (67 up-
regulated and 15 down-regulated) BP vs. LP group (Fig. 5B, Supple-
mentary Table S7). In the BO vs. LO group, 34 DEMS were up-regulated,
and 14 were down-regulated (Fig. 5C, Supplementary Table S8).

Cluster plot of the DEMs

Cluster analysis of DEMs was conducted across different groups
(Fig. 6), and the heatmap further revealed the differential expression
patterns of miRNAs associated with the HPG axis in WWG during the
laying and brooding periods.

GO functional enrichment analysis of the DEMs

In the BH vs. LH group, the target genes of the DEMs were signifi-
cantly enriched in the signaling, nervous system development, and
biological regulation processes (P < 0.01, Fig. 7A). However, in the BP
vs. LP group, the target genes of the DEMs were significantly enriched in
protein binding, cellular process regulation, and cellular response to
stimuli processes, among others (P < 0.01, Fig. 7B). The target genes of
the DEMs were also significantly enriched in the protein binding, bio-
logical regulation, and multicellular biosynthesis processes in the BO vs.
CL groups (P < 0.01, Fig. 7C). The results showed that most of the DEMs
were related to cellular components and biological regulatory processes.

KEGG enrichment analysis of the DEMs

The KEGG enrichment analysis results showed that the target genes
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Fig. 3. GO enrichment analysis plot of DEGs between different groups. (A) BH vs. LH group. (B) BP vs. LP group. (C) BO vs. LO group. Bubble represents the number

of genes, while the color indicates the P value.

of the DEMs in the BH vs. LH group were significantly enriched in the
GnRH signaling pathway, inositol phosphate metabolism, MAPK
signaling pathway, cytokine-cytokine receptor interaction, and other
pathways (P < 0.01, Fig. 8A). In the BP vs. LP group, the target genes of
the DEMs were significantly enriched in the pathways such as gap
junction, Wnt signaling, Notch signaling, and steroid hormone biosyn-
thesis pathways (P < 0.01, Fig. 8B). Additionally, the target genes of the
DEMs in the BO vs. CL group were significantly enriched in the glycer-
ophospholipid metabolism, VEGF signaling, PPAR signaling, TGF-f
signaling, and other pathways (P < 0.01, Fig. 8C).

Sequencing validation by RT-qPCR

To evaluate the accuracy of sequencing data, we randomly selected
10 DEGs and DEMs (IGSF9B, CDKN1A, TSGA10, PEBP4, BDKRBI,
GAS2, miR-124-y, miR-263-x, miR-122-x, and miR-183-x) for RT-qPCR
analysis, with each assay repeated three times. The internal reference
gene demonstrated stable expression across multiple samples. The re-
sults showed that the expression trends of DEGs and DEMs in different
groups of sample tissues were consistent with those of transcriptome
sequencing data, indicating that the RNA-seq data were reliable (Fig. 9).

Construction of the MiRNA-MRNA interaction networks

To further analyze the relationship between miRNA and mRNA, we
used the screened DEGs and DEMs to construct an interactive co-
expression network. In the BH vs. LH group, 10,873 target genes were
predicted to intersect with 236 DEGs, and 156 genes were obtained for
subsequent analysis (Fig. 10A). For the BP vs. LP group, 11982 target
genes were predicted to intersect with 309 DEGs, and 215 genes were
obtained for subsequent analysis (Fig. 10B). Similarly, out of 10,477
target genes predicted to intersect with 155 DEGs in the BO vs. LO
group, 78 genes were obtained for subsequent analysis (Fig. 10C). By
increasing the screening threshold (|log2FC| >1.58, P < 0.05) and
excluding genes that are not officially named and cannot be fully veri-
fied experimentally, we constructed the mRNA-miRNA interaction
network. The miRNA-mRNA interaction network in the BH vs. LH group
consisted of 85 nodes and 56 edges, and the nodes contained 29 miRNAs
and 56 mRNAs (Fig. 11A). For the BP vs. LP group, the miRNA-mRNA
interaction network consisted of 100 nodes and 68 edges, and the
nodes had 32 miRNAs and 68 mRNAs (Fig. 11B). Moreover, the miRNA-
mRNA interaction network in the BO vs. LO group consisted of 80 nodes
and 56 edges, and the nodes comprised 24 miRNAs and 56 mRNAs
(Fig. 11C). In the interaction network, the nodes represent mRNA and
miRNA, while the edges between the nodes indicate the functional
interaction between them. KEGG functional enrichment analysis of the
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target genes of DEMs in the BH vs. LH group showed that the target
genes were significantly enriched in neuroactive ligand-receptor inter-
action, TGF-p signaling pathway, calcium signaling pathway, and other
pathways (P < 0.05, Fig. 12A). In the BP vs. LP group, the target genes of
DEMs were significantly enriched in amino acid biosynthesis, PPAR
signaling pathway, neuroactive ligand-receptor interaction pathways (P
< 0.05, Fig. 12B). Additionally, the target genes of DEMs in the BO vs.
LO group were significantly enriched in pathways such as tyrosine

metabolism, neuroactive ligand-receptor interaction, and phenylalanine
metabolism pathways (P < 0.05, Fig. 12C).

Dual luciferase reporter gene detection

The miR-144-y and DIO3-3' UTR wild-type reporter vectors, DIO3-3'
UTR-WT and miR-144-y, were co-transfected into 293T cells. The dual
luciferase activity ratio of the co-transfection of miR-144-y and DIO3-3'
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UTR-WT was significantly down-regulated compared to the control
group (P < 0.05). The results indicate a targeting relationship between

miR-144-y and DIO3-3' UTR-WT (Fig. 13).

Discussion

Broodiness seriously affects the laying performance of WWG. During
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axis. PRL secreted by the anterior pituitary is a key hormone that reg-
ulates broodiness. The increased secretion levels of GnRH and vasoac-
tive intestinal peptide (VIP) by the hypothalamus increase PRL levels,
inhibit the secretion of follicle stimulating hormone (FSH) and

the brooding period, the ovaries of the female geese are degenerated, the
follicles are shrunken and blocked, and egg production is halted. Envi-
ronmental factors such as light and temperature can also affect the
brooding behavior of poultry by altering the hormonal levels in the HPG
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luteinizing hormone, degrade the ovaries and fallopian tubes, and the broodiness behavior of Wanxi white geese is still unclear.
trigger broodiness (Pan et al., 2022). However, the transcriptional reg- In this study on the histomorphological analysis of ovarian tissues
ulatory mechanism of miRNAs and mRNAs in the HPG axis concerning during the brooding and laying periods found that there were many
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Fig. 13. The dual luciferase reporter assay used to detect the predicted target
gene DIO3 of miR-144-y. * * * * P < 0.0001, extremely significant difference.

atresia follicles in the ovaries of WWG during the brooding period,
during which the follicular development had stopped (Fig. 1). Addi-
tionally, there were several primary, secondary, and mature in the
ovarian cortex during the laying period, during which the follicle
development was obvious, and the follicles were many. Therefore, it is
speculated that the changes in the ovarian tissue structure at different
breeding periods can affect the laying performance of WWG. In this
study, the hypothalamus, pituitary, and ovarian tissues of WWG in the
brooding and laying periods were selected for the differential expression
analysis of mRNA and miRNA. The study found 240, 319, and 445 DEGs
in the BH vs. LH, BP vs. LP, and BO vs. LO comparison groups, respec-
tively. The GO database was used to analyze the molecular biological
process of DEGs. It was found that the DEGs in the three comparison
groups were mainly significantly enriched in biological regulation,
catalytic activity, and cell composition processes, among others. In
addition, KEGG results showed that DEGs in the three control groups
were significantly enriched in multiple signaling pathways associated
with reproductive performance. These pathways included neuroactive
ligand-receptor interaction, calcium signaling, ECM-receptor interac-
tion, and cell adhesion molecules signaling pathway. All four signaling
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pathways are associated with signal transduction, with the neuroactive
ligand-receptor interaction pathway being present in all three groups.
Notably, neuroactive ligand-receptor interaction is the basis of the
nervous system function, which involves signal transmission and cell
communication. It regulates the brooding behavior of poultry by con-
trolling the binding affinity of PRL, VIP, GnRH, and the corresponding
receptors. The calcium signaling pathway is a very important signal
transduction channel in cells, which is closely related to cell growth,
differentiation, metabolism, and reproduction. The pathway regulates
the PRL secretion based on the calcium ion concentration. The fluctua-
tion of calcium ions can trigger dopamine and 5-hydroxytryptamine
release and affect the brooding behavior by binding the corresponding
receptors. Moreover, the calcium signaling pathway regulates the cell
cycle, affecting cell proliferation and differentiation and inhibiting the
apoptosis of gonadal cells, thus indicating its close association with
follicular development and oocyte maturation (Li et al., 2022). In the
animal reproductive system, the ECM-receptor interaction plays an
important role in the brooding process. The ECM-receptor interaction
affects the formation, development, and ovulation of follicles by regu-
lating the extracellular matrix (Hu et al., 2019). The adhesion signaling
pathway can also affect the selection and formation of follicles. Specific
components of the extracellular matrix affect follicular development by
interacting with adhesion receptors on the surface of cells around fol-
licles (Kulus et al., 2023). Therefore, the hypothalamus and pituitary
gland, as crucial components of the nervous and endocrine systems, play
a vital role in maintaining normal physiological activities (Adamantidis
and de Lecea, 2023). Interestingly, CGA, VIPR2, CRH, CRHR2, DRD1,
and DRD2 were significantly differentially expressed in the hypothala-
mus and pituitary within the HPG axis. CGA is closely related to the
secretion of FSH and luteinizing hormone that promote follicular
maturation. (Thompson and Kaiser, 2014). As a VIP receptor, VIPR2 is
mainly involved in the signal transduction pathway of hens reproductive
regulation. (Sun et al., 2021). CRH and CRHR2 are members of the
corticotropin-releasing factor family, which promotes the production of
sex hormones by synthesizing the precursors. CRH is also involved in
follicular maturation and ovulation in the ovaries (Wypior et al., 2011).
DRD1 and DRD2 are dopamine receptors, which can regulate the
secretion of PRL in poultry through dopamine, and low levels of DRD1
are associated with the occurrence of broodiness (Xu et al., 2010). In this
study, the expression of CGA, VIPR2, CRH, CRHR2, and DRD2 were
significantly up-regulated in the hypothalamus of WWG during the
laying period. The expression levels of DRD1 in pituitary tissues of WWG
were significantly lower in the brooding period than in the laying
period. These DEGs may be involved in signal transduction within the
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HPG axis, thereby regulating the broodiness behavior of WWG.

A total of 56 (BH vs. LH), 82 (BP vs. LP), and 48 (BO vs. LO) DEMs
were identified via the differential expression analysis of miRNA. The
GO enrichment analysis of the DEMs showed that the target genes of the
three comparison groups of DEMs were mainly significantly enriched in
biological processes such as biological regulation, transcription factor
activity, and cell junction (P < 0.05). KEGG enrichment results showed
that GnRH, MAPK, Wnt, calcium, and TGF-p signaling pathways were
significantly enriched among the signaling pathways shared by the three
groups of DEMs target genes (P < 0.05). Among these, the GnRH
signaling pathway mainly regulates the secretion of gonadal hormones,
LH and FSH, in the reproductive system (Stamatiades and Kaiser, 2018).
The MAPK signaling pathway is an important signal transduction
pathway in cells, which regulates cell proliferation, differentiation,
apoptosis, and cell stress response (Sun et al., 2015). Wnt signaling ac-
tivates multiple signaling cascades by binding the Frizzled receptors and
LRP co-receptors on the surfaces of cells found in the f-cat-
enin-dependent and p-catenin-independent pathways, thus affecting
intercellular communication, embryonic and tissue development (Rim
et al., 2022). The calcium signaling pathway regulates various cellular
functions, including nerve conduction, cell proliferation, and apoptosis
(Li et al., 2022). The inactivation of the TGF-§ signaling pathway leads
to granular cell apoptosis and follicular atresia, affecting follicular
growth and development (Zhou et al, 2015). Therefore, the
hypothalamic-pituitary-ovarian axis is a complete neuroendocrine
regulation system, which plays an important role in regulating the
ovarian development and laying behavior in female geese. Interestingly,
based on these signaling pathways, we identified 10 DEMs (miR-21-y,
miR-139-x, miR-144-x, let-7-y, miR-1805-y, miR-335-x, miR-2766-y,
miR-132-y, miR-361-x, and miR-460-x) that were significantly differ-
entially expressed in the hypothalamus, pituitary, and ovarian tissues of
WWG (Supplementary Table S10). In addition to regulating follicular
development by targeting AMH, miR-21-y inhibits FSH-stimulated
follicular growth and maintains follicular reserve (Li et al., 2020). The
common target gene of miR-132-y, miR-335-x, and miR-361-x, GDF9,
regulates follicular development and promotes the transition from pri-
mary to secondary follicles (Emori and Sugiura, 2014). Additionally, the
common target gene of miR-1805-y, miR-335-x, and miR-2766-y, FSHB,
encodes the f subunit of follicle-stimulating hormone, regulates FSH
level and interacts with luteinizing hormone to induce rat oocyte pro-
duction (Stamatiades et al., 2019). The target gene of miR-460-x,
GnRH1, encodes a proprotein, which is hydrolyzed to produce
GnRH-related peptides to promote poultry luteal formation and FSH
release (Patil et al., 2022). The common target gene of miR-139-x,
miR-144-x, and let-7-y, ESR1, encodes the estrogen receptor, a
ligand-activated transcription factor that regulates the transcription of
estrogen-induced genes. The function of estrogen (E2) is mainly medi-
ated through the estrogen receptor (ESR), which promotes ovarian
development in female individuals and facilitates the redevelopment of
ovaries after spawning. In addition, E2 is transported to the liver via the
bloodstream, where it stimulates the synthesis and secretion of vitello-
genin (VTG). VTG is subsequently decomposed into vitellin in oocytes
providing essential nutrients for embryonic development (Henriques
et al., 2022; Knoedler et al., 2022; Ye et al., 2022). In this study, the
expression level of miR-21-y was significantly up-regulated in the
ovaries of WWG during the brooding period. During the laying period,
the expression levels of miR-139-x, miR-1805-y, miR-132-y, miR-460-x,
let-7-y, miR-2766-y, miR-361-x, miR-21-y, miR-144-x, and miR-335-x
were up-regulated in the hypothalamus, pituitary, and ovaries of
WWG. These miRNAs may promote follicular maturation and ovulation
in WWG, suggesting their roles as candidate miRNAs associated with
reproduction. Moreover, there has been no in-depth research on the
relationship between miR-460-x, miR-139-x, let-7-y, and miR-144-x,
and poultry reproduction. We speculate that these miRNAs may affect
the brooding behavior and laying performance of WWG by regulating
the expression level of their corresponding target genes.
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In this study, DEMs and DEGs data were combined to construct a
miRNA-mRNA interaction network to further screen candidate miRNAs
and mRNAs that regulate the brooding behavior and egg production
performance of WWG. In the miRNA-mRNA interaction network
comparing the BH and LH groups, we identified five miRNAs (miR-200-
y, miR-205-x, miR-206-y, miR-96-x, and miR-122-x) that may be asso-
ciated with broodiness behavior and egg production performance in
WWG (Supplementary Table S11). miR-200 could promote oocyte
maturation and oocyte excretion by regulating luteinizing hormone
levels (Xiong et al., 2020). The target genes of miR-200-y, RYR3, and
CASR, are closely related to animal reproduction. RYR3 regulates the
release of intracellular calcium ions, which in turn affects the matura-
tion, fertilization, and early embryonic development of mouse germ cells
(Dabertrand et al., 2007). CASR regulates gonadotropin levels, stimu-
lating the pituitary gland to secrete FSH and luteinizing hormone,
thereby promoting porcine oocyte maturation (Liu et al., 2015). The
target gene of miR-205-x, CAMK2A, is mainly involved in the calcium
signaling pathway, affecting the development and function of germ cells
(Tahir et al., 2021). Calcium concentration is critical for regulating the
release of neurotransmitters and endocrine hormones, and ovarian
degeneration is closely associated with calcium levels (Bae and Chan-
ning, 1985). MiR-96 is a key mediator of luteinizing hormone release
(Mohammed et al., 2017). The protein encoded by UNC5A, the target
gene of miR-96-x, belongs to the UNC5 receptor family and plays a role
in axon guidance and apoptosis. UNC5A mainly regulates the migration
or apoptosis of germ cells (Akkermans et al., 2022). Furthermore,
miR-122 can regulate the expression of luteinizing hormone receptor
(LHR) in poultry ovaries, and its overexpression can inhibit the
expression of LHR and affect follicular development (Menon et al.,
2018). The target gene of miR-122-x, HTR2A, encodes serotonin re-
ceptor 2A, and the serotonin system plays a role in poultry reproductive
behavior and sexual function (Ding et al., 2021). In the miRNA-mRNA
interaction network comparing the BP and LP groups, seven miRNAs
(let-7-y, miR-144-y, miR-150-x, miR-205-x, miR-215-x, miR-9-y, and
miR-124-y) were identified as potentially associated with broodiness
and egg-laying performance (Supplementary Table S12). Notably, let-7
negatively regulates the expression of steroidogenic acute regulatory
protein (StAR), which is a rate-limiting enzyme in progesterone syn-
thesis. The biosynthesis of all steroid hormones is closely linked to StAR,
which facilitates the transfer of cholesterol to the inner mitochondrial
membrane. This process is catalyzed by cytochrome P450 family en-
zymes (CYPs) and hydroxylated steroid dehydrogenases (HSDs), lead-
ing to the production of various sex hormones, mainly E2 and
progesterone. These hormones are then transported back to the hypo-
thalamus and pituitary gland via the bloodstream to regulate the syn-
thesis and secretion of GnRH, FSH, and luteinizing hormone (Tremblay
et al., 2001; Munro et al., 2018; Chen et al., 2023). The target gene of
miR-144-y, DIO3, encodes a thyroid hormone inactivation enzyme,
which catalyzes the metabolism of thyroid hormone. Thyroid hormone
is one of the key hormones regulating seasonal reproduction and thus
directly affects follicular development in seasonal breeding animals
(Yoshimura, 2013). MiR-150 and miR-205 are closely related to follic-
ular development (Song et al., 2021), while miR-215 is associated with
early embryonic development. Inhibiting the expression of miR-215
might adversely affect the embryonic development (Ibrahim et al.,
2015). MiR-9 can inhibit the expression of the D2r gene and its splicing
variant D2, resulting in increased synthesis and secretion of PRL,
eventually affecting the brooding behavior (Gangisetty et al., 2017).
Additionally, miR-124 inhibits the expression of Sox9 in the developing
mice ovarian cells. Sox9 promotes testicular development and inhibits
ovarian development (Real et al., 2013). The target gene of miR-124-y,
KCNK2, regulates cell membrane potential and the maturation and
development of germ cells (Hur et al., 2009). In the BO vs. LO group, five
miRNAs (miR-320-y, miR-339-x, miR-7-x, and miR-21-y) related to
brooding behavior and laying performance were identified in the
miRNA-mRNA interaction network (Supplementary Table S13). The
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transcription factor encoded by the target gene of miR-320-y, SALL3,
plays a central role in the development of dagu hens ovaries (Zhu et al.,
2018). TACRS3, the target gene of miR-7-x, is a neurokinin receptor that
is regulated by ovarian steroids and involved in the regulation of PRL
secretion (Czelejewska et al., 2020). MiR-21 regulates the apoptosis of
norepinephrine-mediated granulosa cells and inhibits rat ovarian gran-
ulosa cell apoptosis by targeting Smad7 (Zhang et al., 2017). The target
gene of miR-21-y, RIMS]I, is related to placental methylation and the
release of neurotransmitters, which may affect the function of the ner-
vous system (Xu et al., 2017). During the laying period, the expression of
miR-200-y, miR-205-x, and miR-206-y was up-regulated, while the
expression of miR-96-x and miR-122-x was down-regulated in the hy-
pothalamus of WWG. In the pituitary of WWG during laying period, the
expression levels of let-7-y, miR-144-y, miR-150-x, miR-205-x, and
miR-215-x were up-regulated, whereas the expression of miR-9-y and
miR-124-y was down-regulated. The expression levels of miR-320-y,
miR-339-x, and miR-7-x were up-regulated, while miR-21-y was
down-regulated in the ovaries of WWG during the laying period. In
summary, we hypothesize that these miRNAs influence the broodiness
and egg laying behavior of Wanxi white geese by regulating the
expression level of target genes.

To further validate the targeting relationship between the key dif-
ferential miRNAs identified by the miRNA-mRNA interaction network
and their corresponding target genes, we focused on the differential
expression of miR-144-y in the pituitary gland of broody WWG. Given its
potential involvement in the synthesis and secretion of sex hormones,
we noted that its candidate target gene, DIO3, may also play a role in
regulating follicular development. In this study, 293T cells were used to
predict the binding site of miR-144-y to the 3' UTR of DIO3. We con-
structed dual luciferase wild-type and mutant vectors containing the
binding sites, and transfected these vectors into 293T cells for dual
luciferase activity detection to verify the reliability of the binding site.
The results demonstrated a targeting relationship between miR-144-y
and DIO3-3' UTR-WT.

Conclusions

In this study, we conducted a comprehensive analysis of DEGs and
DEMs in the hypothalamus, pituitary, and ovaries of Wanxi white geese
during the laying period and broodiness period utilizing transcriptome
sequencing technology. We identified several signaling pathways
related to laying performance and broodiness behavior. The interaction
between DEGs and DEMs were determined by constructing a mRNA-
miRNA interaction network, which led to the identification of several
candidate miRNAs that influence the laying performance and broodiness
behavior of WWG. At the same time, the targeting relationship between
miR-144-y and DIO3 was verified using a dual luciferase reporter gene.
This study revealed the molecular mechanism underlying the HPG axis-
mediated post-transcriptional regulation of the brooding behavior and
laying performance of WWG. The results provide a theoretical basis for
improving the laying performance of geese and accelerating the
breeding of new breeds.
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