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ABSTRACT The importance of thyroid-related genes
has been repeatedly mentioned in the transcriptome stud-
ies of poultry with different laying performance, yet there
are few systematic studies to unravel the regulatory mech-
anisms of the thyroid-ovary axis in the poultry egg
production process. In this study, we compared the tran-
scriptome profiles in the thyroid and ovarian stroma
between high egg production (GP) and low egg produc-
tion (DP) ducks, and then revealed the pathways and
candidate genes involved in the process. We identified
1,114 and 733 differentially expressed genes (DEGs) in
the thyroid and ovarian stroma, separately. The Gene
Ontology (GO) analysis showed that a total of 504 and
189 GO terms were identified in the thyroid and ovarian
stroma (P < 0.05). Three common GO terms were identi-
fied from the top 5 GO terms with the highest significant
level in two tissues, including extracellular space, calcium
ion binding, and integral component of plasma membrane.
The enrichment analysis of the Kyoto Encyclopedia of
Genes and Genomes (KEGG) showed that 15 and 14
KEGG pathways were significantly (P < 0.05) enriched in
the thyroid and ovarian stroma, respectively. And, there
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were 8 common pathways, including neuroactive ligand-
receptor interaction, calcium signaling pathway, ECM-
receptor interaction, PPAR signaling pathway, melano-
genesis, wnt signaling pathway, vascular smooth muscle
contraction, and cytokine-cytokine receptor interaction.
Notably, the neuroactive ligand-receptor interaction path-
way was the most significantly enriched by the DEGs
both in the thyroid and ovarian stroma. The interaction
among DEGs enriched in the neuroactive ligand-receptor
interaction and ECM-receptor interaction suggested that
the thyroid may regulate ovarian development by these
genes. Through integrated analysis of the protein-protein
interaction (PPI) network and KEGG pathway maps, 9
key DEGs (PTH, THBS2, THBS4, CD36, ADIPOQ,
ACSL6, PRKAA2, CRH, and PCK1) were identified,
which could play crucial roles in the thyroid to regulate
ovarian function and then affect egg-laying performance
between GP and DP. This study serves as a basis to
explore the molecular mechanism of the thyroid affecting
ovarian function and egg production in female ducks and
may help to identify molecular markers that can be used
for duck genetic selection.
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INTRODUCTION

The thyroid has a considerable influence on reproduc-
tive activity in female poultry (Miller et al., 1962). The
traditional techniques, such as thyroid resection
(Haddad and Mashaly, 1989) and hormone control
(Bilezikian et al., 1980), have revealed functions of the
thyroid in early gonadal development and later egg pro-
duction. Suppression of the thyroid will result in reduced
egg production or even complete cessation (Lien and
Siopes, 1989). In the studies on the molecular mechanisms
of egg production with the support of emerging omics
technology, some results laterally showed the close rela-
tionship between egg production and the thyroid. For
instance, through transcriptome sequencing (RNA-seq)
of the hypothalamus from chickens with different egg pro-
duction, the enriched thyroid hormone signaling pathway
and thyroid hormone synthesis may play important roles
in regulating egg production (Ma et al., 2021). And by
sequencing the hypothalamus and pituitary of turkeys
with high and low egg production, the result showed that
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the differentially expressed genes (DEGs) were enriched
in the hypothalamus-pituitary-thyroid axis (Brady et al.,
2020). In addition, transcriptome analysis of the granulosa
layer of the largest follicle and the fifth-largest follicle
(F5), theca internal layer of the F5 follicle, and small
white follicle samples from turkeys with different egg pro-
duction implied thyroid hormone transporters and thyroid
hormone receptors may be involved in regulating the dif-
ference (Brady et al., 2021). In ducks, the DEGs involved
in regulating different egg production are also enriched in
the thyroid hormone signaling pathway (Bao et al., 2020).
Although some studies have shown that the thyroid is
very important for normal reproductive activities of poul-
try, until now, the molecular mechanism of thyroid affect-
ing ovarian function and egg production level has yet to
be fully elucidated.

The ovary is an important target organ of the thyroid-
related hormone (Sechman, 2013), and also the site of
follicle growth and development. It is estimated that
there are about 480,000 oocytes in chicken’s ovary, but
only a few hundred oocytes will be selected to mature
and ovulate (Onagbesan et al., 2009), and the function
of the ovary will directly affect egg production. In the
research on egg-laying performance, people often col-
lected ovary or its components to explore the molecular
mechanisms. The ovaries of Ninghai indigenous chickens
were collected in the early, peak, and late stages of egg-
laying for sequencing, nine genes (LRP8, BMP6, ZP4,
COL4A1, VCAN, INHBA, LOX, PTX3, and IHH) were
identified as candidate genes for regulating egg produc-
tion, and four pathways related to egg-laying perfor-
mance were determined (Huang et al., 2022). The
ovarian stroma of each individual was collected and
sequenced, which revealed the key role of the 5-hydroxy-
tryptamine receptor in regulating the egg production of
geese (Ouyang et al., 2020). In ducks, the ovaries of
black Muscovy ducks and white Muscovy ducks were
selected for transcriptome study, then 9 related candi-
date genes were identified (Bao et al., 2020). Although
many studies have selected ovaries for sequencing to
explore the molecular mechanisms regulating egg-laying
performance, most of them compared ovaries with hypo-
thalamic or pituitary transcripts (Bello et al., 2021;
Yan et al., 2022) or ovarian transcripts at different egg-
laying stages (Zhu et al., 2017; Hu et al., 2021), few stud-
ies selected the thyroid and ovary or ovarian compo-
nents for combined transcriptome analysis. To further
unravel the molecular mechanisms regulating egg-laying
performance, it is necessary to perform transcriptomic
analysis of the thyroid and ovary.

The importance of thyroid-related genes has been
repeatedly mentioned in transcriptomic studies of poul-
try ovaries with high and low egg production, yet there
is a lack of combined transcriptome study to unravel the
regulatory mechanisms of the thyroid-ovary axis on the
poultry egg production process. In this experiment, there
is a significant difference between high egg production
(GP) and low egg production (DP) ducks, which may
be related to the regulation of the thyroid on the ovary.
Therefore, we performed RNA-seq of the thyroid and
ovarian stroma from GP and DP. The purpose is to iden-
tify the candidate genes and molecular mechanisms lead-
ing to different egg-laying performances of ducks. These
results will provide new and comprehensive insights into
the potential molecular mechanisms by which the thy-
roid regulates the ovary, and thus affects egg-laying per-
formance.
MATERIALS AND METHODS

Experimental Animals

All experimental procedures that involved animal
manipulation were approved by the Faculty Animal
Care and Use Committee of Sichuan Agricultural Uni-
versity (Ya’an, Sichuan, China) under permit no.
DKY20170913.
A total of 156 female ducks (Tianfu Nonghua speckled

duck) came from the Waterfowl Breeding Experimental
Farm of Sichuan Agricultural University (Ya’an, Sich-
uan, China). The experimental ducks were raised on the
ground and transferred to a single cage at the age of
120 days. The number of individual eggs from 130 d to
254 d was recorded daily. In this study, the top 20% of
individuals with the highest number of eggs were defined
as GP and the last 20% of individuals with the lowest
number of eggs were defined as DP. One-way ANOVA
showed that there was a significant difference in egg pro-
duction between GP and DP (P < 0.01).
Sample Collection

Three healthy ducks with similar egg-laying mode,
body weight, age of the first egg, and physiological con-
dition were selected from each group as the final experi-
mental animals. The selected experimental ducks were
killed by inhaling carbon dioxide and cervical dislocation
after fasting for about 12 h. Quickly collecting the left
thyroid and intact ovary, then removing the visible fol-
licles on the ovarian surface. The thyroid and ovarian
stroma were collected and snap-frozen into liquid nitro-
gen. All samples were stored at �80°C for subsequent
experiments.
RNA Extraction and Sequencing

The thyroid and ovarian stroma were ground under liq-
uid nitrogen and the powdered tissue was transferred to a
RNase-free tube prechilled with 1 mL Trizol (Invitrogen,
Massachusetts, CA). After lysis at room temperature for
5 min, centrifuge the sample at 4°C for 5 min at
13,000 £ g. Aspirate the supernatant, add 200 mL of
chloroform, react at room temperature for 5 min, and
centrifuge at 4°C for 5 min at 13,000 £ g. Get the upper
aqueous phase, add 400 mL of anhydrous ethanol and 10
uL of magnetic beads, mix well, and leave for 5 min. Use
the magnetic stand to adsorb the magnetic beads, aspi-
rate the supernatant, add 700 mL of 75% ethanol and
mix thoroughly, and repeat twice. The magnetic beads



Table 1. Primer sequences used in this study.

Gene Name Sequence (5’-3’)
Product

length (bp)

PTH-F CTCTGATGGAAGACCAATGATGAAA 84
PTH-R TCCACAGTGTGTCGATGCTC
THBS2-F GGCTGTTGTGGCTTGCTGTCTT 164
THBS2-R TGCTGGGATAGTGGGATCTGGAC
CD36-F TGGGAAGGTTACTGTGATTTGGTT 141
CD36-R CACATTCTGTTTGCCCTGGAAG
CRH-F CAACCTCAACAAGAGACCCG 252
CRH-R TCTCGGAGGAGGTGGAAAGTC
ADIPOQ-F CAAGGTCAGCCTCTACAAGAAGGA 197
ADIPOQ-R AGCCCATGAAAGTGGAATCGT
ACSL6-F GGCTGTGTCCGCATGATAGT 173
ACSL6-R GGGGCTCCTACATGACCTGA
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were dried at room temperature for 10 min, and then
eluting the RNA. The genomic DNA was removed by
DNase I (Takara, Dalian, China), and the RNA integrity
was identified by Agilent Bioanalyzer 2100 (Agilent Tech-
nologies, Santa Clara, CA). Major-bio (Shanghai, China)
constructed an Illumina PE library using RNA with an
average RIN value of 9.85 (9.7−10), and completed
2 £ 150bp RNA-seq with NovaSeq 6000 sequencing plat-
form. The RNA-seq data of this study could be obtained
on NCBI (National Center for Biotechnology Informa-
tion) (BioProject ID PRJNA791517). The clean reads
were obtained after the filtration of low-quality reads
using standard quality control by FastaQC software.
PCK1-F TCCCAACTCACGGTTCTGC 176
PCK1-R TGGCTGCTCCTATAAATACTCCAT
PRKAA2-F TGCCACCTTTGATAGCGG 141
PRKAA2-R CCATAATGTCATAGGGCTTGCT
MAPK12-F TGGTCACAAGGTGGTACAGAGC 144
MAPK12-R GGTCCAGATGATCGTTTCCCT
b-ACTIN-F GCTATGTCGCCCTGGATTTC 168
b-ACTIN-R CACAGGACTCCATACCCAAGAA
GAPDH-F GTCTCTGTCGTGGACCTGAC 113
GAPDH-R GTGTATGCCAGGATGCCCTT
Transcriptome Alignment and Assembly

The clean reads were mapped to the duck reference
genome (GCA_015476345.1) using HISAT2 software
(version 2.2.1) (Kim et al., 2015). The output SAM
(sequence alignment/mapping) files were converted to
BAM (binary alignment/mapping) files and sorted by
the SAM tools (version 1.10) (Li et al., 2009). Then, the
expressions of each transcript were calculated by featur-
eCounts (version 1.6.0) (Liao et al., 2014) and converted
to transcripts per million (TPM) for normalization.
Identification and Functional Analysis of
DEGs

The DEGs between groups were identified by DEseq2
and the screening criteria were |log2foldchange| > 1, P <
0.05. The online website KOBAS 3.0 was used to analyze
the Gene Ontology (GO) functions and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) functions (http://
kobas.cbi.pku.edu.cn/kobas3/?t=1). Using STRING 11.5
database (http://string-db.org/) to identify the relation-
ship between DEGs, and using Cytoscape software
(version 3.7.1) for network visualization.
Quantitative Real-Time PCR Validation

Nine DEGs were selected for quantitative real-time
PCR (qRT-PCR) to verify the RNA-seq results. The
total RNA extracted from the thyroid and ovarian
stroma was reverse transcribed into cDNA by HiScriptⅢ
RT SuperMix for qPCR (+gDNA wiper) (Vazyme,
Nanjing, China). The reverse transcription was per-
formed in a total volume of 20 mL, which contained:
4 £ gDNA wiper Mix 4 mL, RNA 2 mL, ddH20 10 mL,
5 £ No RT Control Mix 4 mL and the conditions are as
follows: 42°C for 2 min; 37°C for 15 min and 85°C for 5 s.
Primer 5.0 was used to design primers (Table 1), and
BLAST was used to determine the specificity of primers.
The qRT-PCR was performed using Bio-Rad CFX96
real-time PCR detection system (Bio-Rad, Hercules,
CA, USA), and each sample was repeated three times
and choosing b-Actin and GAPDH as internal reference
genes for normalization. The qRT-PCR was performed
in a total volume of 20 mL, which contained: Taq Pro
Universal SYBR qPCR Master Mix (Vazyme, Nanjing,
China) 10 mL, 0.4 mL of each primer, cDNA 2 mL,
ddH20 7.2 mL. The qPCR amplification conditions are
as follows: 95°C for 30 s; 40 cycles of 95°C for 10 s and
60°C for 30 s. The 2�DDCT method was used for the nor-
malization of the qRT-PCR results, after which the nor-
malized data was used for statistical analysis.
Statistical Analysis

One-way ANOVA was performed to compare the dif-
ferences in egg-laying data between GP and DP, and
Spearman’s correlation coefficient was calculated to ana-
lyze the correlations between qRT-PCR and RNA-seq
results. The results with P < 0.05 were statistically sig-
nificant. All statistical analyses were carried out using
the SPSS 27.0 software.
RESULTS AND ANALYSIS

Overview of RNA-seq and Identification of
the DEGs

A total of 310,180,660 raw reads were obtained from
the 12 samples, and an average of 25,637,289 clean reads
were obtained from each sample after the strict screen-
ing. The Q20, Q30, and mapping rates were within
98.12% to 98.62%, 94.45% to 95.80%, and 89.56% to
91.35%, respectively, and the sequencing quality was
acceptable for subsequent analysis (Table 2).
We identified 1,114 DEGs in the thyroid, including

809 up-regulated DEGs and 305 down-regulated DEGs
(Figure 1a). Meanwhile, in the ovarian stroma, a total of
733 DEGs were identified, including 377 up-regulated
DEGs and 356 down-regulated DEGs (Figure 1b). There
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Table 2. Basic information of mRNA sequencing data of all samples in this study.

Sample Raw Reads Clean Reads Q20 (%) Q30 (%) GC Content (%) Mapping rate (%)

G-T1 24142976 23952856 98.51 95.45 47.60 90.78
G-T2 24911939 24718168 98.57 95.66 48.96 90.03
G-T3 22406241 22158214 98.12 94.45 48.20 90.91
D-T1 26395135 26184583 98.51 95.46 48.40 90.63
D-T2 23626239 23453064 98.57 95.61 47.90 90.44
D-T3 21315378 21149316 98.58 95.60 48.75 90.68
G-O1 25846618 25640611 98.56 95.66 50.01 90.71
G-O2 24706057 24519859 98.55 95.58 48.83 91.29
G-O3 35418703 35078182 98.59 95.80 50.96 90.07
D-O1 26013726 25809151 98.57 95.68 50.01 89.56
D-O2 28031172 27834834 98.62 95.54 49.16 91.35
D-O3 27366476 27148641 98.58 95.67 51.24 90.41

Abbreviations: D-O, low egg production-ovarian stroma; D-T, low egg production-thyroid; G-O, high egg production-ovarian stroma; G-T, high egg
production-thyroid.
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were 112 DEGs commonly identified in the thyroid and
ovarian stroma (Figure 1c). The TPM hierarchical clus-
tering map demonstrated the thyroid (Figure 1d) and
ovarian stromal (Figure 1e) gene expression patterns
between GP and DP and showed the reliability of the
gene sets.
Functional Enrichment Analysis of the
Identified DEGs

To further demonstrate the function of the DEGs in
the thyroid and ovarian stroma between GP and DP, we
performed GO and KEGG enrichment analyses. A total
of 504 GO terms were identified in the thyroid, including
346 biological processes (BP), 62 cellular components
(CC), and 96 molecular functions (MF) (P < 0.05)
(Figure 2a). Meanwhile, 189 GO terms were identified in
the ovarian stroma, including 123 BP, 32 CC, and 34
MF (Figure 2c). Furthermore, through analyzing the
top 5 terms with the highest significant level in 2 tissues,
we identified 3 common terms, including extracellular
space, calcium ion binding, and integral component of
plasma membrane.

Based on KEGG pathway enrichment analysis, 105
pathways were identified in the thyroid, of which 15
pathways were significantly enriched (P <0.05), includ-
ing neuroactive ligand-receptor interaction, calcium sig-
naling pathway, cell adhesion molecules (CAMs),
steroid biosynthesis, ECM-receptor interaction, PPAR
signaling pathway, glycosaminoglycan biosynthesis-
chondroitin sulfate/dermatan sulfate, melanogenesis,
MAPK signaling pathway, wnt signaling pathway,
vascular smooth muscle contraction, mucin type O-gly-
can biosynthesis, N-Glycan biosynthesis, cytokine-cyto-
kine receptor interaction, and metabolic pathways
(Figure 2b). And 71 pathways were identified in the
ovarian stroma, of which 14 pathways were significantly
enriched (P < 0.05), including neuroactive ligand-recep-
tor interaction, ECM-receptor interaction, focal adhe-
sion, adipocytokine signaling pathway, cytokine-
cytokine receptor interaction, calcium signaling path-
way, melanogenesis, wnt signaling pathway, PPAR
signaling pathway, vascular smooth muscle contraction,
apelin signaling pathway, FoxO signaling pathway, reg-
ulation of actin cytoskeleton, and tyrosine metabolism
(Figure 2d).
Subsequently, 8 common pathways enriched by DEGs

were identified in the thyroid and ovarian stroma,
including neuroactive ligand-receptor interaction, cal-
cium signaling pathway, ECM-receptor interaction,
PPAR signaling pathway, melanogenesis, wnt signaling
pathway, vascular smooth muscle contraction, and cyto-
kine-cytokine receptor interaction. It is worth noting
that the neuroactive ligand-receptor interaction path-
way was the most significantly enriched by the DEGs in
2 tissues.
Possible Molecular Mechanisms of Thyroid
Regulation in Ovarian Development

According to the results of GO and KEGG enrich-
ment analysis, it is speculated that the neuroactive
ligand-receptor interaction is an important way for the
thyroid to regulate ovarian function. The PPI of genes
enriched in this pathway of 2 tissues were mapped by
using String and Cytoscape software (Figure 3a), the
PTH was found to be differentially expressed at the
highest fold change up to 12.9, and it was differentially
expressed in the thyroid. The node number of CRH was
the highest, and it was differentially expressed in the
ovarian stroma. In addition, genes involved in the ECM-
receptor interaction from the thyroid that encode extra-
cellular matrix components were up-regulated (LAMA3,
CHAD, THBS2, THBS4), and this pathway may acti-
vate the PPAR signaling pathway in the ovarian stroma
through THBS2, THBS4, and CD36. The CD36 is
located upstream of the PPAR signaling pathway to reg-
ulate the downstream genes involved in lipid metabolism
and adipocyte differentiation, among which, ACSL6 and
ADIPOQ are up-regulated in the ovarian stroma while
PCK1 is down-regulated. The ACSL6, ADIPOQ, and
PCK1 are involved in fatty acid transport, adipocyte dif-
ferentiation, and gluconeogenesis, separately. The possi-
ble regulatory relationships are shown in Figure 3b.



Figure 1. Transcriptome variation characteristics of each tissue between GP and DP groups. Volcano map exhibited DEGs of the thyroid (a)
and ovarian stroma (b). Venn plot revealed 112 intersect genes between GP and DP (c). Hierarchical clustering of DEGs in the thyroid (d) and ovar-
ian stroma (e). Abbreviations: DEG, differentially expressed gene; D-O, low egg production-ovarian stroma; DP, low egg production; GP, high egg
production; G-T, high egg production-thyroid; D-T, low egg production-thyroid; G-O, high egg production-ovarian stroma.
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Validation of RNA-seq Results by qRT-PCR

To verify the RNA-seq results, nine DEGs were
selected to perform qRT-PCR. There were three genes
up-regulated in the thyroid (PTH, THBS2, CD36),
three genes up-regulated in the ovarian stroma (ADI-
POQ, ACSL6, PRKAA2), and three genes down-regu-
lated in the ovarian stroma (CRH, PCK1, MAPK12).



Figure 2. GO terms and KEGG pathways enriched by DEGs. Histogram of top 30 GO terms enrichment of DEGs in the thyroid (a) and ovar-
ian stroma (c). The bubble plots showed that the KEGG pathways significantly enriched (P < 0.05) in the thyroid (b) and ovarian stroma (d).
Abbreviations: GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEG, differentially expressed gene; BP, biological pro-
cesses; CC, cellular components; MF, molecular functions.
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Normalized with b-actin and GAPDH, the expression
profiles of nine key genes generated from qRT-PCR
corresponded to the RNA-seq results (Figure 4a), the
linear regression and Spearman correlation coefficient
(rs = 0.967) (Figure 4b) indicated the consistency
between qRT-PCR and RNA-seq.
DISCUSSION

In poultry, the function of the thyroid is generally sim-
ilar to typical vertebrates. The thyroid is involved in the
regulation of reproduction, gonadal development, and
egg production (McNabb, 2007). In present experiment,
the difference in egg production between GP and DP
was extremely significant (P < 0.01), with an average of
100 eggs in GP (94−112) and 30 eggs in DP (2−50).
RNA-seq revealed gene expression mechanisms and key
signaling pathways in the thyroid and ovarian stroma of
GP and DP, and a total of 1,114 and 733 DEGs were
identified, respectively.

To further reveal the key molecules and the underly-
ing regulatory mechanisms, we performed the GO
enrichment analyses, which showed the BP category
was allocated more DEGs than CC and MF. The BP
may be more important for egg-laying performance.
This is consistent with previously reported results
(Mishra et al., 2020). The genes enriched in the BP cate-
gory of this study, including GABRA1, LPAR2, and
ATF3, which have been reported to be possibly involved
in regulating egg-laying performance(Bello et al., 2021;
Chen et al., 2021), and GABRA1 can inhibit the prolif-
eration of granulosa cells and stimulate apoptosis
(Sun et al., 2021).
Furthermore, through analyzing the GO results, 3

common terms were found in the top 5 terms with the
highest significant level of two tissues, including extra-
cellular space, calcium ion binding, and integral compo-
nent of plasma membrane. A previous study on bulls has
shown that high concentrations of extracellular space
transcripts characterized high-fertility bull-derived sper-
matozoa and it could be associated with bull fertility
(Feugang et al., 2010). The calcium ion binding has
been identified in comparative transcriptome analyses of
the estrus ovaries from yak and cattle as the most
enriched terms in the MF category (Lan et al., 2016).
The calcium ions, as second intracellular messengers,
regulate many important physiological and pathological
processes in cells. In addition to the participation of hor-
mones and growth factors, calcium ions are also closely



Figure 3. The PPI and schematic diagram of the molecular mechanism. (a) The PPI of DEGs on neuroactive ligand-receptor interaction.
Squares represent genes differentially expressed in the thyroid, circles represent genes differentially expressed in the ovarian stroma, and the color
scale bars indicated the fold change. (b) Schematic diagram of the possible regulation of ovarian development by ECM-receptor interaction, red rep-
resents up-regulated genes and green represents down-regulated genes. Abbreviations: PPI, protein-protein interaction; DEG, differentially
expressed gene.
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involved in the regulation of meiotic maturation of
oocytes in mammals (Rozinek et al., 2006). It suggests
that the regulation of meiotic maturation in the oocytes
by the thyroid may exist differently between GP and
DP ovaries. The plasma membrane defines the boundary
separating the intracellular and extracellular environ-
ments, and mediates the interactions between a motile
cell and its environment, and the integral component of
plasma membrane can actively participate in all aspects
of the motility process (Keren, 2011). For example, the
adhesion-related categories, hormone-related categories,
and cation transmembrane transport-related categories.

The KEGG enrichment analysis revealed 8 common
pathways that significantly enriched both in the thyroid
and ovarian stroma, the neuroactive ligand-receptor
interaction had the highest significant level in both tis-
sues. This result is similar to a study that confirmed
Figure 4. Validation of selected DEGs by qRT-PCR. (a) Comparison
qRT-PCR and RNA-seq. Abbreviations: DEG, differentially expressed ge
sequencing.
that the neuroactive ligand-receptor interaction path-
way is essential for egg production in geese
(Ouyang et al., 2020). Previous transcriptomic studies
in zebrafish (Chen et al., 2019), rat (Xu et al., 2021), pig
(Xu et al., 2015), goat (Su et al., 2018), duck (Tao et al.,
2017), and chicken (Zhang et al., 2019) have also demon-
strated the important role of this pathway in controlling
ovarian function, egg-laying performance and other
reproductive activities. Thus, the neuroactive ligand-
receptor interaction pathway may be considered as an
underlying molecular pathway within the thyroid to reg-
ulate ovarian stroma and affecting egg-laying perfor-
mance between GP and DP.
In our study, by analyzing the PPI network of DEGs

enriched in this pathway of 2 tissues, PTH and CRH
may be the potential candidate genes affecting ovarian
function and egg-laying performance because they were
of mRNA expression levels. (b) Linear regression relationship between
ne; qRT-PCR, quantitative real-time PCR; RNA-seq, transcriptome
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located in the core position of the regulatory networks.
The PTH was up-regulated in the thyroid with a fold
change up to 12.9.

The PTH encodes parathyroid hormone proprotein,
which is processed for binding to PTH or PTH -related
peptide receptors and is involved in regulating blood cal-
cium and phosphorus levels (Khundmiri et al., 2016).
Meanwhile, it has also been shown that PTH or PTH-
related peptides can increase steroid secretion in rats
(Rafferty et al., 1983), humans (Mazzocchi et al., 2001),
and chickens (Rosenberg et al., 1987; Kawashima et al.,
2005). Both calcium and phosphorus cycling and steroid
metabolism are important for normal reproductive
activity in poultry, which suggests that PTH may be
important in thyroid regulation of ovarian function and
egg-laying performance but rarely mentioned in other
studies.

CRH has the highest number of nodes and directly
linked to PTH with opposite expression trends. The CRH
encodes adrenocorticotropin-releasing hormone which
may be a downstream gene regulated by PTH. In addi-
tion, CRH is usually produced as an autocrine or para-
crine inflammatory cytokine at peripheral inflammatory
sites (Karalis et al., 1991) and may play a pro-inflamma-
tory role by activating mast cells (Kempuraj et al., 2004).
On the other hand, ovarian CRH was found not only in
the theca and stroma, but also in the cytoplasm of human
oocytes (Mastorakos et al., 1994). It may be involved in
ovarian aseptic inflammatory processes (Nezi et al., 2000)
caused by ovulation, and PTH may also be engaged in
regulating this process.

The thrombospondin (THBS) family belongs to ECM
proteins, which is consisted of 5 multidomain glycopro-
teins. And the THBS2 and THBS4 are grouped in the
same class as they show high structural homology. In
present study, genes involved in the ECM-receptor
interaction of the thyroid that encode extracellular
matrix components were up-regulated (LAMA3,
CHAD, THBS2, THBS4), may directly affects BP
within the ovary, such as folliculogenesis, ovulation, and
steroidogenesis (Kulus et al., 2021). In a study on bovine
corpus luteum, the ECM-receptor interaction was iden-
tified to be important in controlling ovarian cell develop-
ment and function (Kliem et al., 2007), which is
consistent with our findings in the pathway.

CD36 is a specific receptor of thrombospondin 2/4
encoded by THBS2 and THBS4, and their binding may
cause changes in the expression of the PPAR signaling
pathway, Adipocytokine signaling pathway, and FoxO
signaling pathway in the ovarian stroma. A recent study
has revealed that THBS and its receptor CD36 expres-
sion gradually decreases with the maturation of follicles,
and they may have an important impact on the ovarian
function of bovine (Berisha et al., 2016).

ADIPOQ, ACSL6, and PCK1, as downstream genes of
CD36, were differentially expressed in the PPAR signal-
ing pathway of the ovarian stroma. The expression level
of ADIPOQ was correlated with the level of adiponectin,
an important adipocyte factor involved in the regulation
of reproduction (Michalakis and Segars, 2010). In geese,
it has been proved that adiponectin can increase the
secretion of P4 and weakly inhibit the production of E2
by regulating the expression of steroidogenic genes in
granulosa cells (Meng et al., 2019), and there are similar
results in laying hens (Li et al., 2021).TheACSL6 encodes
acyl-CoA synthetase long-chain family member 6, which
is involved in lipid metabolism, and acyl-CoA synthase 6
regulates the long-chain polyunsaturated fatty acid com-
position of sperm cell membrane phospholipids and sup-
ports normal spermatogenesis in mice (Shishikura et al.,
2019), while it has been shown that acyl-coenzyme A syn-
thase 6 is associated with early ovarian aging
(Kang et al., 2009).
PCK1, which can encode phosphoenolpyruvate car-

boxykinase 1, has been identified in ducks as a key gene
in regulating gluconeogenesis and glycerol isogenesis,
participated in maintaining glucose homeostasis and
lipid storage (Chen et al., 2017). Hakimi et al. found
that the PCK1 knockout mice developed severe hypogly-
cemia and even died after birth (Hakimi et al., 2005).
The effect of PCK1 on reproduction needs to be further
investigated.
PRKAA2 encodes the protein kinase AMP-activated

catalytic subunit alpha 2, and conditional ablation of
PRKAA1/2 leads to early reproductive aging in mice
(Griffiths et al., 2020). Normal expression of PRKAA1/
2 is required to maintain female fertility, and the num-
ber of litters was significantly reduced in PRKAA1/2
double-conditioned knockout mice (McCallum et al.,
2018). The PRKAA2 was mainly expressed in the ovar-
ian stroma of high egg production ducks and may have
an important regulatory role in the egg production
mechanism of ducks.
In summary, our results suggest that the thyroid may

act on the ovary through the neuroactive ligand-recep-
tor interaction and ECM-receptor interaction to regu-
late egg-laying performance in ducks, nine key DEGs
(PTH, THBS2, THBS4, CD36, ADIPOQ, ACSL6,
PRKAA2, CRH, and PCK1) are important in this pro-
cess, these pathways and DEGs may provide some new
insights into the mechanism of thyroid regulation of
ovarian function and egg production.
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