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ABSTRACT Egg-laying performance is one of the
most important economic traits in the poultry industry.
Commercial layers can lay one egg almost every day dur-
ing their peak-laying period. However, many Chinese
indigenous chicken breeds show a relatively low egg-lay-
ing rate, even during their peak-laying period. To under-
stand what makes the difference in egg production, we
compared the hypothalamus transcriptome profiles of
Lushi blue-shelled-egg chickens (LBS), a Chinese indig-
enous breed with low egg-laying rate and Rhode Island
Red chickens (RIR), a commercial layer with relatively
high egg-laying rate using RNA-seq. A total of 753 dif-
ferentially expressed genes (DEGs) were obtained. Of
these DEGs, 38 genes were enriched in 2 Gene Ontology
(GO) terms, namely reproduction term and the repro-
ductive process term, and 6 KEGG pathways, namely
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Wnt signaling pathway, Oocyte meiosis, GnRH signal-
ing pathway, Thyroid hormone signaling pathway, Thy-
roid hormone synthesis and MAPK signaling pathway,
which have been long known to be involved in egg pro-
duction regulation. To further determine the core genes
from the 38 DEGs, protein-protein interaction (PPI)
network, co-expression network and transcriptional reg-
ulatory network analyses were carried out. After inte-
grated analysis and experimental validation, 4 core
genes including RAC1, MRE11A, MAP7 and SOX5
were identified as the potential core genes that are
responsible for the laying-rate difference between the 2
breeds. These findings paved the way for future investi-
gating the mechanism of egg-laying regulation and
enriched the chicken reproductive regulation theory.
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INTRODUCTION

Egg-laying performance is an important economical
trait, which reflects the productive capacity of layers. Egg
numbers or egg laying rate as the selected indicator have
been used in layers breeding programs and helped make
considerable progress with genetic selection in commercial
egg-layer breeds over recent decades (Johnson et al.,
2015). Some commercial layers with a high laying rate
can lay one egg almost every day during the peak-laying
period, which almost reaches their physiological limits
(Crawford, 1990). However, the peak-laying rates of
many native chicken breeds in China are only between
70% and 80%. Moreover, the peak-laying period is rela-
tively shorter in the indigenous hens compared to that of
commercial layers. The low egg production performance
has been a bottleneck that constrains the development of
the indigenous chicken industry (Li and Tian, 2018).
Therefore, what genes are responsible for the difference in
egg production between native chickens and high-yielding
layers, and how to accelerate the genetic progress of egg-
laying traits have always been the principal issues in
indigenous chicken breeding programs.
With the development of next-generation sequencing

and high-density single nucleotide polymorphisms (SNP)
genotyping techniques, a number of studies based on
genome-wide genetic variance have identified several
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quantitative trait loci (QTLs) and SNPs associated with
reproductive traits of chickens. A genome-wide association
study (GWAS) performed on both White Leghorn and
dwarf brown-egg layers and revealed 8 SNPs that were
associated with egg production and egg quality traits
(Liu et al., 2011). Wolc et al. (2014) mapped several QTLs
on chromosomes 2, 12 and 17 of a brown egg layer line,
explaining > 5% of the genetic variance for albumen
height, egg shell color and egg production. A SNP for
accumulative egg number from 21 to 40 wk was identified
on F2 hens produced by reciprocal crosses between White
Leghorn and Dongxiang Blue-shelled chickens, which cre-
ated phenotypic differences of 6.86 eggs between 2 homo-
zygous genotypes (Yuan et al., 2015). However,
reproductive traits are polygenic traits with low to moder-
ate heritability, and these QTLs and SNPs identified by
GWAS or other methods account for only some of the
genetic variation for chicken reproduction performance
and often show breed or population specificity, which
makes it difficult to clarify the molecular mechanism and
to estimate the level of genetic improvement in each gener-
ation (Biscarini et al., 2010).

Transcriptome sequencing (RNA-seq) data analysis
showed growing importance in understanding how
altered expression of genetic variants contributes to
complex traits such as growth, meat quality
(Piorkowska et al., 2018), fat deposition/ metabolism
(Li et al., 2018) and reproduction (Sun et al., 2016). For
instance, the gene expression profiles of chicken follicles
from different developmental stages provided novel
insights into the molecular mechanisms of follicular
physiology (Zhu et al., 2015). A whole-transcriptome
analysis between atrophic ovaries and normal ovaries
from equivalent-aged egg-laying hens using RNA
sequencing revealed that protein-coding genes, miRNAs,
and lncRNA transcripts are candidate regulators of
ovary development in broody chickens (Liu et al., 2018).
Yin et al. (2019) performed the transcriptome analysis
of ovary and 3 segments of oviduct of chicken using
RNA-seq and obtained functional genes involved in egg
formation by combining QTL, transcriptome and prote-
ome data. Wang and Ma (2019) analyzed the expression
profiles of hypothalamus and pituitary in high- and low-
yielding laying Chinese Dagu Chickens, and identified
increased expression of genes involved in amino acid
metabolism, glycosaminoglycan biosynthesis, and estro-
gen negative feedback systems in low-yielding laying
hens. All of the above studies were carried out with tis-
sues collected from different physiological stages of ani-
mals within the same population sharing similar genetic
backgrounds.

Increasing studies showed that transcriptome analysis
of the specific tissues obtained from animals with different
genetic backgrounds could also provide valuable informa-
tion about genes or pathways regulating the target traits.
Kong et al. (2017) compared the transcriptome profiles of
breast muscles between the 2 lines, BPR (Barred Ply-
mouth Rock), an unselected foundational slow growth
and lower efficient line and PeM (Pedigree male), a mod-
ern inbred male line highly selected for growth and feed
efficiency, and identified crucial genes which were
response for muscle growth. Zhang et al. (2017a) analyzed
the breast muscle transcriptomes of Gushi chicken, a typi-
cal dual-purpose Chinese indigenous chicken breed and
Arbor Acres (AA) broiler, a commercial meat-type breed
and discovered significant signal transduction pathways
and genes related to muscle formation and fat metabo-
lism. Similarly, Monson et al. (2019) performed compara-
tive studies on transcriptomes of thymus of 2 genetic lines
exposed to acute heat stress and/or immune simulation
with lipopolysaccharide fund that a large number of sig-
nificant genes both at homeostasis and in response to
treatment. A genome-wide analysis of mRNAs and
lncRNAs from Bashang long-tail chickens and Hy-Line
brown layers ovarian follicles suggested that some differ-
entially expressed genes were involved in ovarian follicular
development through oocyte meiosis, progesterone-medi-
ated oocyte maturation, and cell cycle (Peng et al., 2019).
The Rhode Island Red (RIR) chicken is a commercial

layer breed with a peak laying rate between 90% and
95%, whereas the Lushi blue-shelled-egg (LBS) chicken
is a Chinese local breed with relatively low egg perfor-
mance, with the peak laying rate being between 70% and
75%. The hypothalamus is the center regulating repro-
ductive activity, which alone or works in conjunction
with the pituitary to affect follicular development, ovula-
tion and spawning. Hypothalamus tissue should be the
top priority for exploring the possible key genes that
cause differences in egg production using RNA-seq
(Brady, et al., 2020; Mishra, et al., 2020; Wu, et al.,
2020). Herein, we compared and analyzed the expression
profiles of the hypothalamus in RIR hens and LBS hens
during the peak laying period. Our study aimed to iden-
tify the pathways and core genes regulating the peak egg
production rate by the integrated analysis of gene net-
works, which probably cause high egg-laying performance
in RIR hens and low egg-laying performance in LBS hens.
Our results provide novel information on the regulatory
mechanisms of egg-laying performance in chickens.
MATERIALS AND METHODS

Ethics Statement

Animal experiments were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of
Henan Agricultural University Zhengzhou, P.R. China
(Permit Number: 11-0085) and performed in accordance
with the protocol outlined in the “Guide for Care and
Use of Laboratory Animals”.
Experimental Animals and Samples
Preparation

The RIR and LBS hens used in this study were raised
in the Animal Center of Henan Agricultural University
under the same husbandry conditions with a standard
commercial hen food and ad libitum access to water dur-
ing the whole experimental stage. Each of the birds was
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housed separately in a single cage. Hens entering egg-lay-
ing stage (at 20 wk of age) were exposed to a 16 h / 8 h
light / dark regime. The egg numbers of individuals from
25 to 30 wk were recorded. The RIR and LBS birds pro-
duced 39.19 § 2.06 and 30.38 § 4.16 eggs during this
period, respectively. The difference of the average num-
bers of eggs between RIR hens and LBS hens reached a
significant level (P < 0.05). In each breed, 3 birds who dis-
played the similar egg number to the group average at the
age of 30 wk old were randomly selected and slaughtered.
The hypothalamic samples were isolated, snap-frozen in
nitrogen immediately, and stored at -80°C until use.

The Gushi (GS) hens, a Chinese indigenous breed
with a similar egg production to LBS hens, were
obtained from Gushi Chicken Breeding Farm at Henan
Sangao Agriculture and Animal Husbandry Co. LTD,
Henan Province, China. The hens were raised in individ-
ual cages with normal feeding procedure. The egg num-
ber of all hens was recorded daily. Six hypothalamic
samples were collected from peak-laying hens (30 wk
old) with high egg-laying rate (ELR) (ELR from 25 to
30 wk were more than 90%, GS30w-H) and low ELR
(ELR were from 20% to 30%, GS30wL), respectively.
The birds were euthanized and the samples were proc-
essed as mentioned above.
RNA Preparation

Total RNA was extracted from each hypothalamus
tissue sample using the Trizol Reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instruc-
tions. The concentration and purity of total RNA were
assessed by the NanoDrop 2000 spectrophotometer
(Thermo Scientific, Waltham, MA). The integrity was
estimated using the RNA Nano 6000 Assay Kit of the
Agilent Bioanalyzer 2100 system (Agilent Technologies,
Palo Alto, California), and the RNA Integrity Number
(RIN) value of each sample ≥ 7.0 was used to construct
the sequencing libraries.
Library Construction and Sequencing

Six hypothalamus RNA samples from 3 LBS hens and
3 RIR hens were used to construct RNA-seq libraries. A
total amount of 4 mg RNA per sample was used as input
material for the RNA sample preparations. Firstly, the
RNA samples were treated by using the Ribo-Zero rRNA
Removal Kit (Epicentre, Madison, WI) to remove the
ribosomal RNA. Then, sequencing libraries were gener-
ated using Illumina TruSeqTMRNA Sample Preparation
Kit (Illumina, San Diego, CA) following the manufac-
turer’s instructions. In brief, mRNA was cleaved into
short fragments by adding Fragmentation buffer. Then,
the short fragments were used as templates to synthesize
the first-strand cDNA using random hexamer primers.
The first-strand cDNA was used to form double-stranded
cDNA with DNA polymerase I and RNase H (Invitrogen,
Carlsbad, CA). The cDNA fragments of desired length
were purified using an AMPure XP system (Beckman
Coulter, Brea, CA), end repaired and linked with
sequencing adapters. The purified cDNA fragments were
used as templates to perform PCR with Phusion High-
Fidelity DNA polymerase, Universal PCR primers and
Index (X) Primer. Finally, the purified PCR products
were assessed on the Agilent Bioanalyzer 2100 system,
and subsequently used to construct the sequencing librar-
ies. The 6 libraries were sequenced on an Illumina
HiSeqTM 2500 plateform (Illumina, San Diego, CA) fol-
lowed by Illumina’s RNA-seq instructions. And 150 bp
paired-end reads were generated for further analysis. All
data from this article have been deposited in NCBI-SRA
database under the accession numbers of SRR8573648,
SRR8573649, SRR8573646, SRR8573647, SRR8573650
and SRR8573651.
RNA-Seq Data Analysis

FASTQ sequencing data were primarily processed by
using the FASTX-Toolkit (version: 0.0.13) (http://han
nonlab.cshl.edu/fastx_toolkit/index.html). Clean reads
were obtained by removing reads containing adapter,
poly-N, and low-quality reads from the raw data. The
clean reads were mapped to the chicken genome sequence
downloaded from the website: (ftp://ftp.ncbi.nlm.nih.
gov/genomes/all /GCF_000002315.4_ Gallus_gallus-5.
0_genomic.gff.gz) with TopHat2 (version: 2.0.14)
(Kim et al., 2013). Transcript assembly and abundance
estimation was performed using Cufflinks (Lei et al.,
2007). The gene expression level was calculated by HTSeq
(version: 0.6.1) (Anders et al., 2015). And each gene
expression level was normalized with FPKM (fragments
per kilobase of exon model per million mapped reads).
The differential expression analysis of the 2 groups was
performed using the DESeq. 2 R package (1.16.1) based
on the read count data. To identify differentially
expressed genes (DEGs), Cuffdiff was used to calculate
the P-value and the false discovery ratio (FDR). If |log2
Foldchange| was > 1 and FDR was < 0.05, the expression
levels of the genes were considered significantly different.
Function Annotation of DEGs

Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis of the
DEGs was performed with the software DAVID
(Dennis et al., 2003). GO enrichment analysis was used
to analyze the main function of DEGs. The DEGs were
annotated from 3 definitions including biological pro-
cess, molecular function and cellular component. The P-
value was computed for the GO terms. The P-value <
0.05 was defined as a significantly enriched GO terms
associated with the DEGs. Pathway enrichment analysis
was used to identify the significant pathways involving
the DEGs by pathway annotations using KEGG. The
ClusterProfiler R package was used to test the statistical
enrichment of DEGs in KEGG pathways. The P-value <
0.05 was defined as a significantly enriched KEGG path-
way.
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Protein Interaction Network Analysis

The protein-protein interaction (PPI) network of
DEGs that were predicted to be associated with repro-
ductive regulation by GO and KEGG pathway analysis,
was built up using the STRING protein interaction
database (http://string-db.org/) by calculating the
combined score (threshold: score > 0.4). In the PPI net-
work, each node represents a protein and each edge rep-
resents an interaction between these 2 proteins. Visual
editing of differential PPI network data files was per-
formed by Cytoscape software version 3.5.1 (http://
www.cytoscape.org/).
Co-expression-Network Analysis

The co-expression-network was built according to the
normalized signal intensity of DEGs that were selected
from significant GO terms and pathways. Pearson’s cor-
relation coefficient was calculated for each pair of genes,
and the significant correlated pairs (FDR < 0.05) were
used for establishing the network (Prieto et al., 2008).
Within the co-expression-network, for locating the key
regulatory genes, k-core and | Dif _ k-core | were calcu-
lated according to the method described by Barabasi
(Barab�asi and Oltvai, 2004). The value of | Dif _ k-core
| reflects the relative importance of genes which cause
the phenotypic changes. The greater the value of | Dif _
k-core |, the bigger the possibility of the gene functioning
in the phenotype. The DEGs were considered as key reg-
ulatory genes to causing the phenotypic changes, if the |
Dif _ k-core | was > 10 (Chen et al., 2016).
Transcription Regulatory Network Analysis

TFBSTools provides a toolkit for efficiently investi-
gating transcription factor binding sites genome-wide
(Tan and Lenhard, 2016). To investigate the effects of
transcription factors on reproductive regulation, the
DEGs were introduced into the TFBSTools database.
The interactional relationships between the transcrip-
tion factor (TF) and the targeted DEGs were identified
and the transcription factor-target gene regulatory net-
work was established by Cytoscape software
(Smoot et al., 2010). The TFs highly connected with tar-
get genes are considered as the key TFs affecting pheno-
typic changes (Chen et al., 2016).
RT-qPCR Verification

To confirm the repeatability and accuracy of the
RNA-Seq data, ten DEGs were randomly selected for
real time fluorescent quantitative PCR (RT-qPCR) vali-
dation. The hypothalamic tissue samples were obtained
from 6 LGS hens and 6 RIR hens, and the number of
eggs in each group was the same or close to those used
for RNA sequencing. After extracting total RNA, the
first-strand cDNA was synthesized using the Prime-
Script RT Reagent kit with gDNA.
The RT-qPCR was conducted in a 10mL reaction vol-
ume containing 1mL of first-strand cDNA (diluted to
500 ng/mL), 5mL of 2£SYBR Premix Ex TaqTM II (Tli
RNaseH Plus) (TaKaRa), 0.5mL of each forward and
reverse primer (10mM), and 3mL deionized water. The
RT-qPCR was performed on a LightCycler 96 Real
Time PCR System (Roche Applied Science, Indianapo-
lis, IN). The optimized cycling conditions were as fol-
lows: one cycle of preincubation at 95℃ for 3 min and 40
cycles of amplification (95℃ for 10 s, 61℃ for 30 s, and
72℃ for 30 s). Each sample was tested in triplicate. The
specificities of RT-qPCR products were verified by aga-
rose gel electrophoresis followed by melting curve analy-
sis. The relative expression level of each mRNA
normalized to beta-actin was calculated by the 2�DDCT

method (Schmittgen and Livak, 2008). All primers were
designed by using the Primer-BLAST tool (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/). The
primer sequences are listed in Supplementary Table S1.
RESULTS

Identification of Expressed Transcripts in the
Hypothalamus Transcriptome

In this study, a total of 6 cDNA libraries were con-
structed from the hypothalamus of LBS laying hens (L-
ln30-1, L-ln30-2, L-ln30-3) and RIR laying hens (R-ln30-
1, R-ln30-2, R-ln30-3), and the raw reads from the 6
libraries ranged from 75.71 to 103.64 million (Supple-
mentary Table S2). The raw reads were filtered and
mapped to the NCBI GCF_000002315.4 Gallus_gallus-
5.0 version of the chicken genome assembly with a
unique mapping rate from 0.850 to 0.864 (Supplemen-
tary Table S2). The mapped reads were distributed on
all chromosomes but less on micro-chromosomes 30, 31
and 32 (Supplementary Figure S1a). Gene structure of
mapped reads showed that the read content was highest
on exons (Supplementary Figure S1b).
Identification of DEGs Between the Two
Groups of Birds

To investigate the different hypothalamus properties
of Chinese indigenous hens and high-yielding layers at
peak laying periods from a genetic perspective, the
expression levels of the genes were quantified by the
FPKM method. The Pearson correlation coefficient of
gene expression levels between samples was more than
0.859, which indicated the selected experimental sam-
ples could be regarded as effective biological replicates
(Figure 1). A total of 14,190 genes were identified in the
6 hypothalamus cDNA libraries, among which 5,295
genes were detected as novel genes. Among all the genes,
a total of 753 DEGs were identified (|log2 Foldchange| >
1 and FDR < 0.05), including 383 upregulated and 370
downregulated genes in hypothalamus tissues of RIR
hens compared to that of LBS hens (Figure 2). The
FPKM hierarchical cluster analysis showed that the

http://string-db.org/
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Figure 1. Correlation analysis between samples. R-ln30-1»R-ln30-3 are hypothalamic samples of high-yielding RIR hens from 1 to 3, and L-
ln30-1»L-ln30-3 are hypothalamic samples of low-yielding LBS hens from 1 to 3. The abscissa and ordinate are log10 (FPKM+ 1) of the samples
compared with each other.

Figure 2. Volcano plot of differentially expressed genes. The abscissa represents the fold change of gene expression in hypothalamic samples of
high-yielding RIR hens compared with that of low-yielding LBS hens; The ordinate represents the statistical significance of the difference in the
amount of gene expression; The red dot indicates the significantly upregulated genes (Fold Change > 2, FDR < 0.05), and the green dot indicates
the significantly downregulated genes (Fold Change > 2, FDR < 0.05).
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Figure 3. GO and pathway enrichment analysis of differentially expressed genes (DEGs) identified in hypothalamus of RIR vs. LBS. (A). Gene
ontology classification of DEGs. Orange indicates biological processes; purple indicates cellular components; green indicates molecular function. (B).
Top 30 of KEGG pathway enrichment classifications of DEGs. The horizontal axis represents the Rich factor, and the vertical axis represents the
name of the pathway. The point size indicates the number of DEGs enriched in the pathway, and the point color corresponds to a different P-value
range.
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expression of DEGs in LBS samples was accurately
distinguished from that in the RIR samples and the
data were repeatable and credible (Supplementary
Figure S2).
GO and KEGG Pathway Analyses of DEGs

To elucidate the function of DEGs, GO enrichment
analysis was used to annotate DEGs and to study their
distribution. A total of 623 DEGs were enriched in 52
GO terms (Figure 3A) that were classified into 3 catego-
ries: biological process, molecular function and cellular
component. The most abundant DEGs terms were in
the cellular process term of biological processes, binding
term of molecular functions and cell term of cellular
components, in which there were 388, 419 and 444
DEGs involved, respectively.

Here, we mainly focused on the differences in egg pro-
duction between the 2 varieties during peak laying peri-
ods. Out of the 52 GO terms, 2 terms involved in
reproductive regulation, namely reproduction (12
DEGs) and the reproductive process (15 DEGs). And a
total of 15 DEGs were involved in the 2 GO terms which
may relate with the reproductive regulation action (Sup-
plementary Table S3).

To gain insight into the regulation network of DEGs
produced by comparing the hypothalamic transcriptome
of the 2 varieties during peak laying periods, pathway
enrichment analysis was performed. The DEGs were
enriched in 134 KEGG pathways, and the top 30 of
pathways were showed in Figure 3B. Among the 30
pathways, 6 played pivotal roles in reproductive regula-
tion, and which included the Wnt signaling pathway,
Oocyte meiosis, GnRH signaling pathway, thyroid hor-
mone synthesis, thyroid hormone signaling pathway and
MAPK signaling pathway. There were 24 DEGs
involved in the 6 pathways that were speculated to be
related to regulation of egg production (Supplementary
Table S3).
Based on the above enriched 2 GO terms and 6 path-

ways, a total of 38 DEGs related to egg-laying regulation
were identified (Table 1, Figure 4).
Analysis of PPI Network for DEGs

To further explore the potential key genes regulating
egg-laying performance from the above 38 DEGs, the
PPI network was constructed (Figure 5). RAC1
(Degree=12) and MAP3K7 (Degree=10) showed higher
degrees of connection degrees than other DEGs in the
PPI network and were considered core genes regulating
egg-laying performance.
Co-expression Analysis for DEGs

A co-expression network based on the 753 DEGs in
the hypothalamic tissues between the LBS and RIR
hens was constructed. A total of 397 network nodes and
2,281 connections were formed in the LBS group (Sup-
plementary Figure S3a), while 394 network nodes and



Table 1. The 38 DEGs involved in egg-laying regulation.

Genes Description log2FC FDR

BRAF serine/threonine protein kinase -13.171 4.15504E-49
PLCB1 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase beta-1 -12.307 3.09113E-06
TGFBR2 TGF-beta receptor type-2 -10.897 0.01600927
TAOK3 serine/threonine-protein kinase TAO3 -10.757 0.037503691
CAMK2D calcium/calmodulin-dependent protein kinase type II subunit delta -10.553 5.74164E-11
DIAPH1 protein diaphanous homolog 1 -10.430 0.002104531
CACNA1B voltage-dependent N-type calcium channel subunit alpha-1B -10.050 0.010224589
ADCY8 adenylate cyclase type 8 -10.013 0.015088767
MRE11A double-strand break repair protein MRE11 -7.375 0.001188869
BCL6 B-cell lymphoma 6 protein homolog -5.073 6.80152E-05
FBXW11 F-box/WD repeat-containing protein 11 -5.028 0.024085914
CAMK2A calcium/calmodulin-dependent protein kinase type II subunit alpha -1.753 0.000738379
PAFAH1B1 lissencephaly-1 homolog -1.744 0.00894066
MAP2K1 dual specificity mitogen-activated protein kinase kinase 1 -1.726 8.97582E-06
CIT citron Rho-interacting kinase -1.489 5.8911E-06
PRKACB cAMP-dependent protein kinase catalytic subunit beta -1.163 0.028770997
STMN1 stathmin -1.122 0.000284834
PRKCB protein kinase C beta type -1.097 0.006704126
THRB thyroid hormone receptor beta 1.142 0.018880847
TBL1XR1 F-box-like/WD repeat-containing protein TBL1XR1 1.165 0.012134297
NR2C2 nuclear receptor subfamily 2 group C member 2 1.325 0.037436713
RAC1 ras-related C3 botulinum toxin substrate 1 1.380 0.014360939
TAB2 TGF-beta-activated kinase 1 and MAP3K7-binding protein 2 1.415 0.007693178
APC2 adenomatous polyposis coli protein 2 1.919 0.000654916
SPINZ spindlin-Z 2.060 0.001629958
ANAPC4 anaphase-promoting complex subunit 4 2.596 0.002890362
MAP3K7 mitogen-activated protein kinase kinase kinase 7 6.044 0.049967263
MAP3K1 mitogen-activated protein kinase kinase kinase 1 9.261 0.006215996
PRLR prolactin receptor 9.971 1.33865E-06
CAMK2G calcium/calmodulin-dependent protein kinase type II subunit gamma 10.318 0.041858546
CREBBP CREB-binding protein 10.472 1.20896E-07
UBR2 E3 ubiquitin-protein ligase UBR2 10.869 0.009675688
CELF1 CUGBP Elav-like family member 1 10.961 2.41486E-15
DVL1 segment polarity protein dishevelled homolog DVL-1 11.544 1.04803E-11
STRBP spermatid perinuclear RNA-binding protein 11.758 1.7915E-06
CSF1 colony-stimulating factor 1 11.980 0.04534749
PPP3CA serine/threonine-protein phosphatase 2B catalytic subunit alpha 12.320 3.84468E-12
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2,009 connections were formed in the RIR group (Sup-
plementary Figure S3b). The k-core and | Dif _ k-core |
were calculated to identify the key genes regulating
reproductive performance (Supplementary Table S4 and
Supplementary Table S5). A total of 15 DEGs with | Dif
_ k-core | > 10 between the LBS and RIR groups were
identified (Supplementary Table S6). Among the 15
DEGs, MRE11A and MAP7 were also listed among the
38 DEGs related to egg-laying regulation, which were
identified by GO and KEGG pathway analyses of
DEGs. Therefore, MRE11A and MAP7 were speculated
to be 2 of the core genes for regulating egg-laying perfor-
mance.
Transcription Regulatory Network Analysis

Transcription factors play crucial roles in the regula-
tion of gene expression. To explore the effects of TFs on
egg-laying regulation, a transcription regulatory net-
work was constructed. The 753 DEGs were first
imported into the TFBS Tools database. Six DEGs were
detected as transcription factors, and 302 DEGs were
predicted to be their target genes (Supplementary
Table S7). Among the 302 DEGs, 23 DEGs were listed
among the 38 DEGs that were related to egg-laying reg-
ulation by GO and KEGG analysis. There were 5 TFs
targeted to the 23 DEGs. A transcription regulatory net-
work of the 5 TFs and the 23 DEGs was constructed
(Figure 6). The transcription factor SOX5 had the most
relationships with 14 target genes. Therefore, the tran-
scription factor SOX5 was considered a key transcrip-
tion factor in the egg-laying regulation process.
RT-qPCR Validation of Gene Expression
Profile

To validate the RNA-Seq transcriptome data, genes
were selected as follows: significantly upregulated genes
RAC1, MAP3K7, SPPL2A, GRIA3; significantly down-
regulated genes RPS28, MRE11A, MAP7, SOX5; and
nonsignificantly different genes EGF and CDH2. The
expression levels of the selected genes were confirmed by
RT-qPCR, which consistent with the results obtained
by RNA-Seq (Figure 7). The log2 Fold Change of gene
expression calculated from RNA-Seq and RT-qPCR
were significantly related in LBS vs. RIR. Pearson corre-
lation coefficient is equal to 0.87 with P < 0.01. This cor-
relation showed the results of the RNA-Seq analysis to
be reliable.



Figure 4. The functional network of differentially expressed genes (DEGs) associated with reproductive regulation. The red triangles indicate
downregulated DEGs, and the green triangles indicate upregulated DEGs. The yellow circles represent the GO terms or pathways. If there is a link
between DEG and GO term/pathway, the DEG is involved in the GO term/pathway.
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Validation of Key Genes in GS Hens With
High and Low Egg-Laying Rate

To confirm the 5 key genes identified above that were
related with ELR, the gene expression levels were quan-
tified in hypothalamus tissues of GS hens with high egg-
laying rate and low egg-laying rate. The expression pat-
terns of 5 genes between high-yielding group and low-
yielding group were consistent with that between RIR
and LBS hens. And among the 5 genes, the expression
levels of the 4 genes including RAC1, MAP7, MRE11A
and SOX5 were significant differences between high-
yielding group and low-yielding group (P < 0.05)
(Figure 8).
DISCUSSION

Egg-laying performance is one of the most important
economic traits in the poultry industry (Johnson et al.,
2015). Compared with high-yield commercial laying hens,
the meat and egg dual-purpose type local chicken has a
low egg production performance. The hypothalamus is a
key component of the HPG system, and it plays a key
role in regulating hormone synthesis and release and in
chicken reproductive performance. In this study, we
selected 2 breeds (RIR vs. LBS) with significant differen-
ces in egg-laying rates during peak periods. To investigate
the different genetic mechanisms of hypothalamus
involvement in egg production between high-yielding
layers and local chickens, a comparative transcriptome
analysis of hypothalamus in the 2 chicken breeds was per-
formed. Therefore, the present study provides more new
information regarding regulation of egg-laying in chicken
based on the previous working in the field.
Here, RNA-seq analysis revealed 753 DEGs including

383 upregulated and 370 downregulated DEGs in hypo-
thalamus of RIR layers vs. LBS chickens. Fifteen DEGs
were enriched in reproduction terms and reproductive
process terms. Additionally, 6 key significant pathways,
including Wnt signaling pathway, GnRH signaling path-
way, MAPK signaling pathway, oocytes meiosis, thyroid
hormone signaling pathway and thyroid hormone syn-
thesis pathway, that probably play pivotal roles in egg-
laying regulation, were identified by KEGG analysis. In



Figure 5. Map of protein-protein interaction networks in hypothalamus. Nodes represent proteins. Edges represent protein-protein associations.
The relationship between the 2 proteins is expressed through the thickness of the line; the thicker the line, the closer the relationship.
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the 6 pathways, the Wnt signaling pathway regulates
several key developmental regions including the mid-
brain, central nervous system, kidney, limbs, and the
reproductive system (Heikkil€a et al., 2001). The GnRH
signaling pathway is the central to regulate and
Figure 6. Transcription regulatory network of DEGs. Construction of t
to reproductive regulation. Red squares represent transcription factors, yello
maintain normal fertility (Bliss et al., 2010). In addition,
GnRH also induces activation of MAPK pathway, which
further mediates transcriptional activation of glycopro-
tein hormones alpha chain (CGA) (Maurer et al., 1999).
In our study, MAP3K1 and CGA were enriched in the
ranscription regulatory network centered around the DEGs that related
w circles represent target DEGs.



Figure 7. RT-qPCR validation of gene expression profile. Plot of gene expression log2 Fold Change (LBS vs. RIR) determined by the RT-qPCR
(horizontal axis) and RNA-Seq (vertical axis) for 10 selected genes (Supplementary Table S1). Correlation between RT-qPCR and RNA-Seq was
calculated by Pearson product moment correlation. Each blue dot represents one tested gene, and the plot presents linear regression line, P value
and correlation coefficient (r).

Figure 8. Identification the expression of the 5 key genes in GS30w-H and GS30w-L. GS30w-H, laying hens with higher egg-laying rate from 25
to 30 wk were more than 90% were collected at the age of 30 wk old; GS30w-L, laying hens with lower egg-laying rate from 20% to 30% were collected
at the age of 30 wk old.
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GnRH signaling pathway and MAPK signaling path-
way, and significantly upregulated in hypothalamus of
RIR high-yielding layers. MAP3K1 is an important
mitogen-activated protein kinase in the MAPK signaling
pathway, which is responsible for the transmission of
GnRH-induced correlation signals to Jun N-terminal
kinases (JNKs), which in turn phosphorylates transcrip-
tion factor c-JUN to regulate the expression of CGA
(Geh, 2011). The CGA is required to enable the biosyn-
thesis of luteinizing hormone, and follicle-stimulating
hormone (Das and Kumar, 2018). Therefore, the differ-
ential expression of MAP3K1 and CGA between the 2
breeds may be one of the reasons for the difference in
egg-laying rate during peak-laying period. In addition,
during the process of meiosis in oocytes, many reproduc-
tive-related signaling pathways are activated, such as
the oocyte meiotic pathway (Kajiura-Kobayashi et al.,
2000; Schmitt and Nebreda, 2002), thyroid hormone sig-
naling pathway and thyroid hormone synthesis pathway
(Baxter et al., 2004). Finally, there were 38 DEGs
enriched in the 2 GO terms and 6 pathways as previ-
ously mentioned. This indicates that the 38 DEGs could
be considered as underlying the difference in egg produc-
tion performance seen between the 2 chicken breeds.
To gain further insight into the possible causative

genes, a PPI network analysis of the 38 DEGs was car-
ried out. Two genes, RAC1 and MAP3K7, that showed
a higher degree of connection than other DEGs in the
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PPI network were identified. RAC1 is a small signaling
G protein, which is a member of the RAC subfamily of
RHO family of GTPases, and can regulate a wide variety
of functions, including cell migration, cycle progression,
and survival (Li et al., 2011). Previous research reported
that RAC1 modulates the formation of primordial fol-
licles via STAT3, Jagged1, GDF-9, and BMP-15
(Zhao et al., 2016), and disturbs follicular development
by negatively affecting expression and activity of RAC1
(Maurya et al., 2014). Besides, RAC1 gene deletion dis-
rupts mammary gland development and causes long-
term tissue malfunction (Akhtar et al., 2016). In our
study, RAC1 was located in the center of the PPI net-
work (the network contains 35 genes involved in repro-
duction regulation). Compared with the GS30w-L,
RAC1 was significantly upregulated in GS30w-H. It is
therefore speculated that RAC1 may play an important
role in egg-laying performance through regulating the
development of ovarian follicle. MAP3K7, also known as
TGF1aor TAK1, is a member of the serine / threonine
protein kinase family and participates as a mediator in
multiple signaling pathways, including the IL1 signaling
pathway (Ninomiya-Tsuji et al., 1999), TGFb signaling
pathway, MAPK pathway, and Wnt pathway
(Shim et al., 2005). Recently, it was reported that candi-
date gene MAP3K7 was identified for egg weight traits
through a 600K Affymetrix chip of an egg-laying hen
population (Farahani et al., 2020). In our study,
MAP3K7 was located in the center of the PPI network
related with reproduction, and its expression level was
significantly higher in the hypothalamus of RIR than
that in LBS, and but no significant difference was found
between GS3w-H and GS3w-L. Therefore, it was sug-
gested that MAP3K7 may not related with egg laying
performance in GS chicken.

To investigate the possible causative genes in another
direction, a co-expression-network analysis was con-
ducted. Two genes, MRE11A and MAP7, which were |
Dif_Kcore | > 10, and common to the 38 DEGs related
to reproductive regulation identified by GO and KEGG
pathway analyses, were identified. The MRE11A plays
key roles in the regulation of disease (Regal et al., 2013),
but few reports have described its role in the regulation
of reproduction. In our study,MRE11A was more highly
expressed in hypothalamus of LBS chicken than that in
RIR chicken, and also highly expressed in the hypothala-
mus of GS3w-L than that in GS3w-H. The MAP7 is a
ubiquitous MAP that organizes the microtubule cyto-
skeleton in mitosis and neuronal branching
(Chaudhary et al., 2019). It is essential for cell polariza-
tion and differentiation (Fabrejonca et al., 2010). Previ-
ous research has shown that MAP7 is related to the
process of generating sperm in mice (Komada et al.,
2000). M�etivier (2019) demonstrated that MAP7 pro-
motes binding of kinesin-1 to microtubules to enable
centrosome separation in brain neuroblasts (NBs) and
asymmetric transport in oocytes. It was proved that loss
of MAP7 in oocytes results in impaired plus-ended
motility (Sung et al., 2008) and defects in nuclear posi-
tioning in muscle cells (Metzgeret al., 2012). Other
research showed that the MAP7 gene was related to the
development of the testes in broiler chickens
(Zhang et al., 2017b). In this study, MAP7 was downre-
gulated in hypothalamus of RIR chicken in comparison
with LBS chicken, and also downregulated in GS30w-H
in comparison with GS30w-L. It indicated that MAP7
might involve in the egg-laying performance. However,
further work needed to be done to validate the function.
In addition, TFs have a significant role in phenotypic

performance. Transcriptional regulatory network analy-
sis identified 5 TFs that could interact with 23 DEGs
which were related to reproductive regulation. Of the 5
TFs, SOX5 showed the most extensive relationships
with target genes and was considered one of the core
genes underlying the phenotypic differences in egg pro-
duction performance between the 2 breeds. It was well
known that SOX5 was one member of the SOX (SRY-
related HMG-box) transcription factor family, and
involved in regulating the embryonic development and
cell fate determination (Kurtsdotter et al., 2017). It was
also reported that SOX5 was related with chondrogenic
differentiation of human adipose-derived stem cells
(Xu et al., 2012), melanocyte development (Claus et al.,
2008) and testis development (Mikella et al., 2015). A
study showed that SOX5 was related to the classical
Pea-comb phenotype in chickens (Wright et al., 2009),
its expression was associated with testis development
and sperm motility in chickens (Xu et al., 2018). It must
be mentioned that although 5 genes were identified as
associated with reproductive regulation, further in-
depth studies are necessary to validate their functions in
reproductive regulation in chickens.
The HPG axis regulates reproduction in all verte-

brates. Classical theory suggests that gonadotropin-
releasing hormone (GnRH) and other signals secreted
by the hypothalamus regulate the synthesis and release
of pituitary luteinizing hormone (LH) and follicle stim-
ulating hormone (FSH), to further control gonadal
development and sex hormone production
(Thompson and Kaiser, 2014). While estrogen, proges-
terone, and other hormones produced by the developing
gonads can act on the pituitary or hypothalamus
through the endocrine system and regulate the synthe-
sis and release of gonadotropin and neuropeptide hor-
mones through negative feedback (Johnson, 1993). In
our data, the expression of GnRH in the hypothalamus
of RIR high-yielding layers did not change. Meanwhile,
ESR1 and ESR2 expression was nonsignificantly down-
regulated and ESRRG was significantly downregulated
in the hypothalamus. These results are similar to the
hypothalamus expression profile results observed in
high- and low-yielding laying Chinese Dagu Chickens
(Wang and Ma, 2019). Combined with our analysis
results of these 2 breeds and other RNA-seq results in
hypothalamus and pituitary of one breed (Wang and
Ma, 2019), we also speculate that the GnRH-FSH/LH
pathway may not be the direct pathway of determining
egg laying performance in chickens.
In summary, we report for the first time the transcrip-

tomic profiles of the hypothalamus from 2 chicken
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breeds that show different egg-laying performances
using RNA-Seq. Comprehensive analysis suggests that
RAC1, MRE11A, MAP7 and SOX5 are the potential
core genes that are responsible for egg-laying perfor-
mance in LBS hens and RIR layers. Our study paved
the way for future investigation into the mechanism of
egg-laying regulation and enrich the chicken reproduc-
tive regulation theory.
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