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ABSTRACT To explore the differential regulation
mechanism of heat stress on the egg production perfor-
mance and egg quality of Jinding ducks, 200 Jinding ducks
(360-day-old) in good health and with similar body weights
and a normal appetite were selected and randomly divided
into a control (normal temperature [NT]) group (20°C
—25°C) and a heat stress (HS) group (32°C—36°C), with 4
replicates in each group and 25 ducks in each replicate. The
pretrial period was 1 wk, and the formal trial period was 4
wk. At the end of the 4th wk, 12 duck eggs were collected
from each replicate to determine egg quality. Pituitary and
ovarian tissues of Jinding ducks were collected, transcrip-
tome sequencing was performed to screen differentially
expressed miRNAs and mRNAs related to high tempera-
ture and heat stress, and a competitive endogenous RNA
regulatory network was constructed. The sequencing data
were verified by qRT-PCR method. The following results
were obtained: (1) Compared with the NT group, the HS
group had a significantly lower laying rate, total egg
weight, average egg weight, total feed intake, and feed
intake per duck (P < 0.01), an extremely significantly
higher feed-to-egg ratio (P < 0.01), and a higher mortality
rate. (2) Compared with the NT group, the HS group had
an extremely significantly lower egg weight, egg yolk
weight, eggshell weight, and eggshell strength (P < 0.01)
and an extremely significantly lower yolk ratio and eggshell
thickness (P < 0.01, P < 0.05); however, there was no signif-
icant difference in the egg shape index, Haugh unit or pro-
tein height (P> 0.05). (3) A total of 1,974 and 1,202 genes
were identified in the pituitary and ovary, respectively, and

there were 5 significantly differentially expressed miRNAs.
The differentially expressed genes were involved in the argi-
nine and proline metabolism pathways, ether lipid metabo-
lism pathway, and drug metabolism—cytochrome P450
pathway, which are speculated to be related to the egg pro-
duction performance of Jingding ducks under high-temper-
ature heat stress. (4) Novel 221 may target the PRPS1
gene to participate in egg production performance;
novel 168 and novel 289 may target PIGW; novel 289
may target Q3MUY?2; and novel 289 and novel 208 may
target PIGN or genes that may be related to high-tempera-
ture heat stress. (5) In pituitary tissue, upregulated
novel 141 (center of the network) formed a regulatory net-
work with HSPB1 and HSP30A, and downregulated
novel 366 (center of the network) formed a regulatory net-
work with the JIP1 gene. In ovarian tissue, downregulated
novel 289 (center of the network) formed a regulatory net-
work with the ZSWM7, ABI3, and KI1C23 genes,
novel 221 formed a regulatory network with the IGF1,
BCL7B, SMC6, APOA4, and FARP2 genes, and upregu-
lated novel 40 formed a regulatory network with the
HA1FF10 gene. In summary, heat stress affects the produc-
tion performance and egg quality of Jinding ducks by regu-
lating the secretion of endocrine-related hormones and the
release of neurotransmitters as well as the expression of
miRNAs and mRNAs in pituitary and ovarian tissues. The
miRNA-mRNA regulatory network provides a theoretical
basis for the molecular mechanism that regulates the stress
response in pituitary and ovarian tissues, egg quality, and
production performance under heat stress.

Key words: Jinding duck, heat stress, production performance, egg quality, miRNA-mRNA regulatory network

© 2023 The Authors. Published by Elsevier Inc. on behalf of Poultry
Science Association Inc. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd
4.0/).

Received August 18, 2023.

Accepted October 26, 2023.

!Corresponding author: znzfaas@163.com

2024 Poultry Science 103:103255
https://doi.org/10.1016 /j.psj.2023.103255

INTRODUCTION

Laying ducks are more sensitive to heat stress, and
their comfortable ambient temperature is generally 15°C
to 25°C (Zeng et al., 2013). At 26°C to 32°C, laying
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ducks are in a sub-heat stress state; ambient tempera-
tures that exceed 32°C induce stress, and physiological
functions tend to be disrupted. Heat stress has a pro-
found impact on poultry production performance. The
decline in production performance is inextricably linked
with a reduction in feed intake. The change in produc-
tion performance is not merely an external manifestation
but rather a result of a series of reactions to a continuous
high-temperature environment. First, heat stress
reduces feed intake, thus reducing egg production and
egg quality, increasing the feed conversion rate, and
greatly influencing metabolism, the endocrine system,
and physiological function (Qaid and Al-Garadi, 2021).
The production and metabolism of laying poultry are
characterized by fast heat generation, high output, and
a high metabolic rate, and poultry with high metabolic
rates are highly prone to the negative effects of a high-
temperature environment (Wasti et al., 2020). Heat
stress inhibits the immune function of laying ducks,
reducing the blood immunoglobulin concentration, the
number of blood lymphocytes and macrophages, and
phagocyte ability, and high temperature reduces cellular
and humoral immunity to varying degrees, lowering dis-
ease resistance and increasing the mortality rate (Ma ct
al., 2014). Heat stress is an important factor in poultry
productivity and causes economic losses in hot regions.
There are several reasons for the decline in production
performance. First, to adapt to a continuous high-tem-
perature environment, poultry regulate their body tem-
perature by increasing their water intake, reducing their
feed intake and corresponding daily activities, and low-
ering their heat production to avoid secondary injury
caused by heat stress (Saced et al., 2019). However, it is
difficult to achieve a balance between heat generation
and heat dissipation. Studies have shown that for every
1°C increase in the breeding environment (Lu et al.,
2007), the feed intake of species with a short growth cycle
decreases by approximately 3.4%, and the feed intake of
species with a long growth cycle decreases by approxi-
mately 1.7%. Second, after feed intake is suppressed,
nutrient intake and digestion, and absorption capacity
decrease, resulting in abnormal ovarian gene expression
and reproductive hormone levels, thus affecting egg pro-
duction, egg weight, egg quality, and blood biochemical
indicators (Li et al., 2020). The adverse effect of heat
stress on egg quality manifests as a longer production
duration and cycle, causing greater economic losses to
poultry production. Heat stress reduces the quality and
yield of livestock and poultry products, primarily affect-
ing egg yolk weight, eggshell thickness, ovary weight, and
egg number in laying poultry (Zheng et al., 2022). He et
al. (2019) found that at 37°C, the average daily weight
gain decreased by 31.9%, and the average daily feed
intake decreased by 15.8%. Sahin et al. (2018) showed
that heat stress significantly increased the blood glucose
and serum cholesterol of laying hens and significantly
reduced egg production, feed intake, eggshell strength,
eggshell weight, Haugh unit, and egg weight.

With continuous improvements in the scale and inten-
sification of the laying duck industry, heat stress has

become increasingly prominent and a technical bottle-
neck restricting the development of the laying duck
industry. In recent years, many high-throughput
sequencing technologies have been applied to investigate
miRNA and heat stress. For example, through the high-
throughput sequencing of 6 small RNA libraries of head
kidney tissue of rainbow trout. Ma et al. (2019) identi-
fied 78 miRNAs expressed in different heat stress
responses and found that important regulatory path-
ways and potential target genes were involved in heat
stress, elucidating the heat stress regulatory mechanism
of miRNAs in the head kidney of rainbow trout and sup-
porting the development of the rainbow trout aquacul-
ture industry. Wu et al. (2012) obtained 73 conserved
miRNAs from the roots, stems, leaves, and flowers of
ginseng and predicted 99 and 31 target genes of con-
served and no conserved miRNA families, respectively,
with many miRNAs showing tissue-specific expression.
They identified 5 dehydration-responsive miRNAs and
10 heat-responsive miRNAs and discovered crosstalk
among some stress-responsive miRNAs. These studies
have led to a new understanding of the expression of
miRNAs in different species and their specific regulatory
functions. Zhu et al. (2019) compared the differential
expression of miRNAs and mRNAs in laying hens under
heat stress and under a normal temperature and identi-
fied 16 differentially expressed miRNAs and 502 differ-
entially expressed genes (DEGs). They found that the
response-related gene autophagy-related protein 9A
might be controlled by the upregulated miRNAs gga-
miR-92-5p, gga-miR-1618-5p, gga-miR-1737, and gga-
miR~6557 in response to heat stress and revealed an
increase in lipid metabolism in heat-stressed laying hens
through analyses of DEGs. The level of heat stress
directly affects the growth, development, and produc-
tion performance of poultry. miRNAs are considered
potential regulators of immune cytokines. Li et al.
(2020) analyzed miRNAs in the spleen of heat-stressed
poultry and found that some miRNAs involved in cyto-
kine—cytokine receptor interactions were differentially
expressed between the control group and the heat-
stressed group, including miR-34a and miR-449c¢, whose
target genes are interleukin 2 (IL-2) and interleukin 12«
(IL-12a). Their results indicated that miRNAs can
directly or indirectly change the expression of immune
cytokines and mediate the immunity of broiler chickens
under acute heat stress. Tian et al. (2019) studied the
morphological changes and miRNA expression profiles
in 3 intestinal segments (duodenum, jejunum, and
ileum) of Shaoxing ducks in response to high tempera-
tures. Their results showed that heat stress caused dif-
ferent degrees of damage to these intestinal segments
and that miRNAs were differentially expressed in the
duodenum, jejunum, and ileum of ducks in the control
and heat-stressed groups, differences that may have
been related to heat-induced intestinal damage in ducks.
Based on a review of many heat stress-related studies
(Wu et al., 2012; Tian et al., 2019; Zhu et al., 2019; Li et
al., 2020; Srikanth et al., 2020; Hu et al., 2021), miRNAs
are closely related to heat stress, and increases in the
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internal and external temperatures of the body will
affect the expression of miRNAs in the body to regulate
target genes and target proteins, which in turn affect the
state of the body during heat stress; additionally, the
increase in ambient temperature determines the specific-
ity, time sequence and concentration of miRNA expres-
sion. The reproductive process of animals is regulated by
many factors, among which the hypothalamic-pituitary-
ovarian axis plays a major role in regulation and is sensi-
tive to temperature changes (Zhao et al., 2023). Heat
stress affects the balance of the hypothalamic-pituitary-
ovarian axis, and causes significant changes in female
reproductive hormones such as gonadotropin-releasing
hormone, follicle stimulating hormone, luteinizing hor-
mone, and impaired ovarian function (An et al., 2020;
Bei et al., 2020; Li et al., 2020), resulting in impaired or
inhibited follicle development (Li et al., 2016), which
affects its reproductive performance. In this study, Jind-
ing ducks were used as research objects to explore the
effect of high-temperature heat stress on the egg produc-
tion performance and egg quality of laying ducks, aiming
to provide a reference for research on the effects of heat
stress on the egg production performance and egg qual-
ity of laying ducks. In addition, mRNAs and miRNAs in
ovarian and pituitary tissues were analyzed to identify
differentially expressed mRNAs and miRNAs after high-
temperature heat stress, and the target genes of the dif-
ferentially expressed mRNAs and miRNAs were pre-
dicted and functionally annotated to construct a
miRNA-mRNA interaction network diagram. This
study not only lays a foundation for understanding the
specific mechanism by which heat stress affects the pro-
duction performance of Jinding ducks at the molecular
level but also provides a scientific basis for how to allevi-
ate the effect of heat stress on the egg production perfor-
mance of Jinding ducks.

MATERIALS AND METHODS
Experimental Animals and Rearing

A total of 200 Jinding ducks (360-day-old) in good
health and with similar body weight and a normal appe-
tite were randomly divided into 2 groups (NT and HS)
with 4 replicates in each group and 25 ducks in each rep-
licate. The NT group was the control group, which was
housed at an ambient temperature of 25°C + 2°C, and
the HS group was the high-temperature heat stress
group, which was housed at an ambient temperature of
35°C +£ 2°C. The pretrial period was 1 wk, and the for-
mal trial period was 4 wk. The experiment was carried
out at the Institute of Animal Husbandry and Veteri-
nary Medicine, Fujian Academy of Agricultural Sciences
(Fuzhou, Fujian, China). The ducks were raised in floor-
rearing environments in strict accordance with Jinding
duck-rearing management standards. Specifically, the
light was fixed at 16 h/d, and the light intensity was 20
Ix. The ducks were fed twice daily, i.e., once in the morn-
ing and once in the evening, and feed intake was
recorded. The ducks had free access to water. Eggs were

Table 1. Nutritional level of basal diet (%).

Ttems Content Measured value
CP >17.0 16.95
Ca 2.5—4.20 3.30
TP 0.35—1.00 0.69
Nacl 0.25—0.80 0.40
Crude fiber <6.0 3.47
Ash <17 11.88
Met 0.20—0.90 0.34
Moisture <13 11.98

Remarks: laying ducks laying period compound feed 711, product stan-
dard number: Q/FQHL 003-2018 feed production licence number: min
feed permit (2020) 01352.

collected every morning, and the henhouse was cleaned
regularly. Throughout the experiment, the ducks were
fed formula feed 711 for laying ducks in the egg-produc-
ing period (Hualong Feedstuff Co., Ltd., Fuzhou,
Fujian, China); the nutritional components are shown
in Table 1.

Production Performance

During the formal trial period, the number of eggs
laid, deformed eggs, and deaths for each replicate were
recorded every day, and the total egg weight for each
replicate was recorded. The daily feed intake of each rep-
licate was recorded and analyzed every day. Excel was
used to analyze the laying rate, deformed egg rate, mor-
tality rate, average egg weight, actual feed intake, and
feed-to-egg ratio for each replicate.

Egg Quality

On the fourth weekend of the experiment, 12 duck
eggs were collected from each replicate (n = 12); the
eggs were weighed using an XH30002 electronic balance,
and the weights were recorded. Vernier callipers were
used to measure the transverse and longitudinal diame-
ters of the eggs, and the egg shape index was calculated
(egg shape index = longitudinal diameter/transverse
diameter). Eggshell strength was measured using a
TENOVO eggshell strength tester (KQ-1A, Tenovo
International Co., Ltd., Beijing, China), and the yolk
colour, albumen height, and Haugh unit of the duck
eggs were measured using egg quality analyser (EA-01,
Israel ORKA Food Technology Ltd., Bountiful, UT).
Yolk weight and eggshell weight were acquired using an
XH30002 electronic balance and then used to calculate
the yolk ratio. Eggshell thickness at the tip, middle, and
blunt ends was measured using a micrometer, and the
average values were calculated.

Sample Collection, Total RNA Extraction,
Library Construction, and HiSeq Sequencing

On the fourth weekend of the experiment, 1 Jinding
duck was selected from each replicate, i.e., 4 individuals
in the NT group and 4 individuals in the HS group, and
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sacrificed after fasting for 12 h. Pituitary and ovarian
tissues were placed into cryopreservation tubes, which
were immediately placed into liquid nitrogen after being
labeled and numbered and then placed in a —80°C ultra-
low temperature freezer until being used for the tran-
scriptome analysis.

Total RNA was extracted by the TRIzol method.
RNA purity was checked using spectrophotometer
(Nanophotometer, IMPLEN, CA). The RNA concentra-
tion was measured using RNA Assay Kit in Fluorometer
(Qubit 2.0, Life Technologies, CA). RNA integrity was
assessed using the RNA Assay Kit (Nano 6000,Agilent
Technologies, CA).

Bioinformatics Analysis

Raw sequencing data were assessed for quality, fil-
tered, and screened by sRNA length. The reference
genome was obtained from Ensembl: www.ensembl.org/
Anas_ platyrhynchos/Info/Index,BGI _duck 1.0
(GCA _000355885.1). Known miRNAs were analyzed
(mirdeep2 0 0 _5), novel miRNAs were predicted
(miREvo_v1.1), sRNAs were classified and annotated,
miRNA copy numbers were converted to standard
expression, and DEGs were analyzed (DEG Seq 1.2.2).
Differentially expressed miRNAs were screened using
the SAM package and subjected to cluster analysis.
miRanda-3.3a, PITA, and RNAhybrid were used to pre-
dict the target genes of the differentially expressed miR-
NAs to obtain the corresponding relationship between
miRNAs and target genes. Candidate target genes were
subjected to Gene Ontology (Release2.12, GO, www.
geneontology.org/) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) functional annotation analyses.

RT-PCR Validation

Primer Premier 6.0 and Beacon Designer 7.8 were
used to design quantitative polymerase chain reaction
(PCR) primers, which were then synthesized by

Table 2. The primer sequences used in this study.

Bioengineering Co., Ltd (Shanghai, China). The primer
sequences are shown in Table 2, and the real-time PCR
amplification system and reaction conditions: 20 uL sys-
tem (template 2.0 uL, forward Primer 0.4 uL, reverse
primer 0.4 pulL, Genious 2X SYBR Green Fast qPCR
Mix 10 pL, RoxII 0.4 uL, and ddH,0 6.8 ul.). With the
reaction condition:95°C 3 min;45 cycles (95°C 5 sec, 60°C
30 sec). The Dissociation Stage used ABI QuantStudio 3
(Commonwealth, MA) to detect the relative expression
of each target gene in the sample. Each sample was
repeated 3 times, and the relative expression level of
each gene was calculated using the 272AC method.

Statistical Analysis

The data were analyzed using SPSS19.0. One-way
analysis of variance (ANOV A) was used to identify sig-
nificant differences. P < 0.05 was considered a significant
difference, and P < 0.01 was considered an extremely
significant difference. Data are presented as the mean +
standard deviation (SD).

RESULTS

The Effect of Heat Stress on the Production
Performance and Egg Quality of Jinding
Ducks

As shown in Table 3, compared with the NT group,
the HS group had a significantly lower laying rate, total
egg weight, average egg weight, feed intake, and feed
intake per duck (P < 0.01), an extremely significantly
higher feed-to-egg ratio (P < 0.01), and a higher mortal-
ity rate. As seen in Table 4, compared with the NT
group, the HS group had an extremely significantly
lower egg weight, yolk weight, eggshell weight, and egg-
shell strength (P < 0.01) and an extremely significantly
lower yolk ratio and eggshell thickness (P < 0.05); there
was no significant difference in egg shape index, Haugh
unit or albumen height (P> 0.05).

Primer name

Primer sequences 5°-3’

Phospholipids phosphatase 1-F
Phospholipids phosphatase 1-R
HFM1-F

HFMI-R

peroxisomal-F

peroxisomal-R
galactosylcsulf-F
galactosylcsulf-R

antizyme inhibitor 2-F
antizyme inhibitor 2-R
ACTB-F

ACTB-R

novel 90-F

novel _289-F

novel 221-F

novel 208-F

U6-F

ACCACTGGAGCGATGTTCTA
GCAGGGTTGTATGGGAATCTTC
GAGCAGGAACTCAACTTCATCT
CTGGAGGTGACGAAGACAAC
GGTGTTCAGTTTGCTCCCTTT
GCAGCCCTCTCAATTTCTTCAT
CAGCAGGAGAACGAGAAGATG
TTCAAGTTGTAGCCCAGGATG
CGCTGCCGTGATAAACTCTG
TGGTAGACGAGGCTCTTCTTG
GCTATGAACTCCCTGATGGC
CAGGTCCTTACGGATGTCCAC
CCGCGTAATGCCCCTAAAAATCCTTAT
CGTGCTTGCTGTAGCTGAGCA
CGTAAGCCTCGTGTCTCTGCAGT
ATTGAGCACCGCGGTACCTG
TTCGTGAAGCGTTCCATATTTT
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Table 3. The effect of heat stress on the production performance
of Jinding ducks.

Ttems NT group HS group P value
laying rate(%) 77.58 £ 1.07* 67.80 £ 1.17%  <0.001
Total egg weight(g) ~ 1,362.98 £ 21.59*  1,153.32 + 197.28% <0.001
Average egg weight(g) 71.39 £ 2.724 67.16 +£1.93%  <0.001
Total feed intake(g) 3,977.34 + 512.51* 3,565.14 & 404.20"  <0.001
Feed intake(g) 161.96+20.51% 14423 £16.26°  0.002
Feed egg ratio(%) 2.95 +0.35" 3.17 4+ 0.55% 0.003
Total mortality rate(%) 2 7

In the same row, values with different large letter superscripts indicate
extremely significant differences (P < 0.01), values with different small let-
ter superscripts indicate significant differences (P < 0.05), and values with
the same letter or no letter superscripts indicate no significant differences
(P> 0.05).

Table 4. The effect of heat stress on the egg quality of Jinding
ducks.

Items NT group HS group Pvalue
Yolk weight(g) 23.05 + 0.25" 20.83 + 0.24° <0.001
Shell weight(g) 7.98 £ 0.084 7.43+0.07%  <0.001
Egg yolk ratio(%) 30.96 + 0.31* 29.95 4+ 0.27° 0.017
Egg-shaped index 1.3540.007 1.36%0.007 0.349
Eggshell strength(kg/cm?) 5.10 & 1.03* 4.53 +1.03" 0.008
Albumen height (mm) 5.84 +£0.15 5.69+0.18 0.516
Haugh unit 73.89 £1.36 7291+ 1.66 0.896
Eggshell thickness(mm) 0.378 £0.004*  0.365 & 0.005" 0.030

In the same row, values with different large letter superscripts indicate
extremely significant differences (P < 0.01), values with different small let-
ter superscripts indicate significant differences (P < 0.05), and values with
the same letter or no letter superscripts indicate no significant differences
(P> 0.05).

Effect of High-Temperature Heat Stress on
the Egg Production Performance of Jinding
Ducks Based on Transcriptome Analyses

A total of 1,974 genes were identified in pituitary tis-
sue, including 961 upregulated genes and 1,013 downre-
gulated genes, and 5 significantly differentially
expressed miRNAs were identified, including 3 upregu-
lated miRNAs and 2 downregulated miRNAs. A total of
1,202 DEGs were identified in ovarian tissue, including

Table 5. The results for some DEGs (part).

682 upregulated genes and 520 downregulated genes,
and 5 significantly differentially expressed miRNAs were
identified, including 2 upregulated miRNAs and 3 down-
regulated miRNAs. The results for some DEGs are
shown in Table 5. Further analysis of differentially
expressed miRNAs revealed that 10 were newly discov-
ered unknown miRNAs (Table 6, Figure 1). Among
them, novel 141, which was previously unknown and
upregulated in pituitary tissue, was only expressed in
the HS group, and novel 366, which was downregu-
lated, was only expressed in the N'T group, indicating
that their expression may be conserved.

The FPKM (Fragments Per Kilobase of exon model
per Million fragments mapped) values of the DEGs
under different experimental conditions were used as the
expression levels for hierarchical clustering analysis
(Figure 2). Different colored regions identified different
cluster groups. The genes within the same cluster group
had similar expression patterns and therefore may have
similar functions or participate in the same biological
processes. The colors of different groups had different
degrees of intensity, indicating that the genes had simi-
lar expression trends among the different samples and
that the selected samples could be used for subsequent
analysis.

Using gene ontology (GO) (http://www.geneontol
ogy.org/) analysis, 1,504 DEGs between the GCT1 and
CCT2 groups were annotated, and these genes were sig-
nificantly enriched in 109 GO terms (P < 0.05), with
high enrichment in transporter activity (GO:0005215),
transmembrane transporter activity (GO:0022857) and
cytoplasmic part (GO:0044444). A total of 806 DEGs
between the GLC1 and CLC2 groups were annotated,
and these genes were significantly enriched in 48 GO
terms (P < 0.05), with high enrichment in protein-con-
taining complex (G0:0032991), intracellular membrane-
bound organelle (GO:0043231) and membrane-bound
organelle (GO:0043227).

The target gene prediction results indicated 10 signifi-
cantly differentially expressed miRNAs and a total of
2,702 target genes (Table 7). GO enrichment analysis was

Gene id Difference multiple Pvalue P value after correction Gene name
101795000 —1.35 1.24e-13 1.91e-9 CHGB
119713657 -0.77 2.91e-10 1.86e-6 EIF3I
113845674 —1.55 3.61e-10 1.86¢-6 CFD
119713479 —2.23 5.07e-10 1.96e-6 GKN2
119715377 3.41 1.33¢-9 3.76¢-6 LOC119715377
101801469 1.36 1.46e-9 3.76e-6 FAM13C
101796982 —1.47 2.28¢-9 5.05¢-6 CYGB
119715368 3.08 3.32¢-9 6.41e-6 LOC119715368
101797179 —7.27 8.17e-9 1.40e-5 LOC101797179
113844223 —3.55 1.31e-7 2.03e-4 INHA
101800796 —1.01 1.63e-7 2.29e-4 NKAIN4
101798880 5.16 2.03e-7 2.61le-4 HFM1
101793387 1.19 2.21e-7 2.63e-4 COL5A1
101795227 0.72 2.69e-7 2.97e-4 NABP1
101802315 1.94 3.45e-7 3.56e-4 SLC26A8
101790644 0.87 5.17e-7 5.00e-4 PRKG2
101800504 —0.80 6.65¢-7 5.91e-4 YIPF1
101789452 —1.82 6.88e-7 5.91e4 PENK
101797242 -1.27 7.45e-7 6.06e-4 ISLR
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Table 6. Results of differential miRNA expression analysis (part).

sRNA GCT1_readcount CCT2_readcount log2FoldChange Pval Padj
novel 104 184.8535346 72.10526 1.342027 0.017436 0.902362906
novel 141 7.063182837 0 4.862618 0.045987 0.902362906
novel 24 20,469.82117 10,258.43 0.996497 0.044913 0.902362906
novel 31 2,887.49774 6,704.209 —1.21479 0.041603 0.902362906
novel 366 0 16.97477 —7.08442 0.030006 0.902362906
sRNA GLC1 _readcount CLC2_ readcount log2FoldChange Pual Padj
novel 221 8.878923 35.05452 —1.94293 0.027331 0.765281
novel 289 0.168843 8.283575 —4.81519 0.003852 0.269641
novel 35 8,075.6 21,220.93 —1.39387 0.018732 0.679557
novel 40 9,577.726 4,475.477 1.09784 0.019416 0.679557
novel 90 422.647 176.9023 1.255501 0.001037 0.145118

performed on the target genes of differentially expressed
miRNAs. The annotation results indicated significant dif-
ferences between the GLC1 and CLC2 groups for 94 GO
terms, including calcium ion binding, calcium ion-depen-
dent exocytosis, and other egg quality-related GO terms,
in addition to significant differences in hexon binding,
intermediate filament cytoskeleton, and cytoskeletal part.
Cluster profile software was used for the KEGG path-
way enrichment analysis of DEGs (Table 8), and the
results indicated that there were significant differences
in the ribosome, oxidative phosphorylation, proteasome,
arginine and proline metabolism, drug metabolism
—cytochrome P450, glutathione metabolism, and histi-
dine metabolism pathways. Among them, the arginine

and proline metabolism pathways, ether lipid metabo-
lism pathway, and drug metabolism—cytochrome P450
pathway may be related to the production performance
of laying ducks under high-temperature heat stress. The
downregulated genes involved were phospholipid phos-
phatase 1, galactosylceramide sulfotransferase isoform
X1, amine oxidase, and aldehyde dehydrogenase family
1 member A3, among others. The upregulated genes
involved were alkyl-dihydroxyacetone phosphate syn-
thase (peroxisomal), delta-1-pyrroline-5-carboxylate
synthase isoform X1, and aldehyde oxidase.

Kyoto Encyclopedia of Genes and Genomes annota-
tion revealed that the target genes of differentially
expressed miRNAs were involved in the phagosome

Cluster analysis of differentially expressed sRNA
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Figure 1. The whole hierarchical cluster map of differentially expressed miRNAs was clustered by the value of log10 (TPM~+1).Cluster analysis
based on log10 (TPM 1) value. The abscissa represents the fold change in miRNA expression in different experimental groups/different samples, the
ordinate represents the statistically significant change in miRNA expression, and the scattered dots in the figure represent each miRNA. The red
dots indicate significantly different miRNAs in the laying stage, and the blue dots indicate significantly different miRNAs in the brooding stage.
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Table 7. Differential miRNA target gene prediction (part).

miRNA Target gene Gene name
novel 104 101800229 RHBT1
novel 104 101791777 MYB
novel 104 110353378 HMX2
novel 141 113845585 HSPB1
novel 141 101803760 BCL7B
novel 141 119714097 HSP30
novel 141 119717823 AIFM1
novel 141 113845103 BAX1B
novel 40 101795031 MAIP1
novel 40 101800967 ESM1
novel 40 101800185 NUD14
novel 40 101790544 PSB7
novel 40 119717560 FYB2
novel 40 101790497 HA1F
novel 90 101790554 VPS51
novel 90 101794595 MUL1
novel 90 101792010 PLCG1
novel 221 101793597 IGF1
novel 221 101803760 BCL7B

pathway, the mRNA monitoring pathway, phototrans-
duction, the pentose phosphate pathway, glycosylphos-
phatidylinositol-anchor biosynthesis, and ether lipid
metabolism (P < 0.05). The activity of key enzymes in the
pentose phosphate pathway (Figure 3) may be positively
related to cholesterol biosynthesis in eggs. The pathway
includes the target genes ATP-dependent 6-phosphofruc-
tokinase (PFKAL, corresponding to miRNAs novel 221
and novel 207), 6-phosphogluconolactonase (6PGL, cor-
responding to miRNAs novel 226, novel 234, novel 212,
novel 396, novel 368, novel 208, novel 221 and
novel 199), and ribose-phosphate pyrophosphokinase 1
(PRPSI, corresponding to the miRNA novel 221). These
results suggest that the above miRNAs or target genes
may be related to egg production performance. Ducks may
reduce heat through ether lipid metabolism (Figure 4).
This pathway includes the target genes phosphatidylinosi-
tol-glycan biosynthesis (PIGW, corresponding to miRNAs
novel 168 and novel 289), phosphatidylinositol N-
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Table 8. Kyoto Encyclopedia of Genes and Genomes enrichment list of differential genes.

Path number ITER Differential gene ratio  Background gene number ratio Pvalue P value after correction
apla03010 ribosome 31/593 107/5079 8.01e-7 1.20e-4
apla00190 oxidative phosphorylation 30/593 123/5079 5.141e-5 0.00385746
apla03050 proteasome 12/593 35/5079 3.77e-4 0.01883987
apla00330 Arginine and proline metabolism 13/593 45/5079 0.001375994 0.05159979
apla00071 fatty acid oxidation 8/593 32/5079 0.027190494 0.40441670
apla00982 Drug Metabolism CytochromeP450 7/593 27/5079 0.031411799 0.40441670
apla00480 glutathione metabolism 10/593 45/5079 0.031547732 0.40441670
apla00500 starch and sucrose metabolism 8/593 33/5079 0.032353337 0.40441670
apla00340 histidine metabolism 6/593 23/5079 0.043884035 0.50635425

acetylglucosaminyltransferase subunit (Q3MUY2, corre-
sponding to the miRNA novel 289), and glycosylphospha-
tidylinositol ethanolamine phosphate transferase 1 (PIGN,
corresponding to miRNAs novel 289, apl-miR-11590-3p
and novel 208). The above miRNAs or target genes may
be related to high-temperature heat stress.

Effect of High-Temperature Heat Stress on
the Egg Production Performance of Jinding
Duck Based on Integrated mRNA-miRNA
Transcriptome Analysis

Kyoto Encyclopedia of Genes and Genomes enrich-
ment analysis of candidate target genes identified the
fructose and mannose metabolism pathways as signifi-
cantly enriched (P < 0.05) (Figure 5). The DEGs
involved were hexokinase-1, N-acetyl neuraminidase iso-
form X1, and L-fucose kinase isoform X1.
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The interaction network between differentially
expressed miRNAs and differentially expressed mRNAs
was analyzed using Cytoscape software (https://cyto
scape.org) (Figure 6). In pituitary tissue, the upregu-
lated miRNA novel 141 (center of the network) formed
a regulatory network with HSPB1, BCL7B, HSP30, and
ATFM1, and the downregulated novel 366 (center of
the network) formed a regulatory network with the JIP1
gene. In ovarian tissue, the downregulated novel 289
(center of the network) formed a regulatory network
with ZSWM?7, ABI3, and K1C23, novel 221 formed a
regulatory network with IGF1, BCL7B, SMC6,
APOA4, and FARP2, and the upregulated novel 40
formed a regulatory network with the HA1FF10 gene.

QRT-PCR Validation

To verify the reliability of the high-throughput
sequencing results, the relative expression of 3
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Figure 3. Pentose phosphate pathway in this study.
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Figure 4. Ether lipid metabolism in this study.

upregulated genes, 1 upregulated miRNA, 1 downregu-
lated gene, and 3 downregulated miRNAs was assessed
in the ovaries of the NT group and HS group by qRT-
PCR method. The results showed (Figure 7) that the
trends for the relative expression of upregulated and
downregulated genes and miRNAs were consistent with
the high-throughput sequencing results, indicating that
the transcriptome analysis results were reliable.

DISCUSSION

Effects of High-Temperature Heat Stress on
the Production Performance and Egg Quality
of Jinding Ducks

The harm of high temperatures in summer to the pro-
duction efficiency of laying poultry mainly manifests as
reductions in feed intake and egg production perfor-
mance. The high-temperature environment causes poul-
try to increase heat dissipation and reduce heat

production to balance their body temperature and main-
tain a stable body state. A decreased capacity to take up
and absorb nutrients adversely affects health and pro-
ductivity (Lu, 2021). Heat stress can lead to a decrease
in the egg production, laying rate, and average egg
weight of laying poultry (Ren et al., 2007). Mack et al.
(2013) showed that heat stress reduces egg production,
egg weight, eggshell thickness, feed conversion rate, and
egg quality and quantity of laying breeders and laying
hens. In this study, heat stress significantly reduced the
laying rate, total egg weight, average egg weight, feed
intake, and feed intake per duck, significantly increased
the feed-to-egg ratio, and increased the mortality rate of
Jinding ducks, results that are consistent with the find-
ings reported by Mack et al. (2013) and Mao et al.
(2000).

Egg quality is affected by multiple factors, including
heredity, hormones, stress, and age (Azmal et al., 2019).
Heat stress affects the quality of eggs of laying hens, and
an ambient temperature exceeding 28°C reduces the
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laying rate, eggshell thickness, and egg size in laying
hens (An et al., 2017). The thickness, strength, and
weight of eggshells reflect eggshell quality. Song et al.
(2012) showed that heat stress significantly reduced egg
weight and eggshell thickness. Ma et al. (2014) showed
that heat stress reduced eggshell strength, eggshell
thickness, and egg yolk color in laying ducks. The find-
ings of this study are similar to those of the above stud-
ies: heat stress significantly reduced the eggshell
thickness of Jinding ducks. The main reason may be
that long-term exposure of laying ducks to heat stress
caused unbalanced nutrient levels, affecting the absorp-
tion and intake of calcium and phosphorus and
adversely affecting calcium deposition during eggshell
formation. Albumen height is positively correlated with
the Haugh unit and is proportional to the freshness of
duck eggs (Sun et al., 2019). In this study, heat stress
(extremely) significantly reduced yolk weight, yolk ratio,
eggshell weight, and eggshell thickness, results that are
consistent with the findings reported by Ma et al. (2014)
and Song et al. (2012). Heat stress had no significant
effect on the shape index, Haugh unit, or albumen height
of duck eggs, which is consistent with the findings
reported by Dong (2018).

Heat stress likely leads to eggshell thinning through 2
mechanisms. First, heat stress reduces the intake of cal-
cium, phosphorus, and vitamins, which are the main
substances that form eggshells, thus reducing eggshell
thickness. Second, under heat stress, poultry must expel
heat through more frequent respiration. However, fre-
quent exhalation will lead to excessive exhalation of car-
bon dioxide from the lungs, resulting in an acid-base
imbalance in the blood, causing respiratory alkalosis,
which reduces the content of calcium and calcium bicar-
bonate in the blood, in turn leading to eggshell thinning
(Wang, 2020).

The Molecular Mechanism of the Effect of
High-Temperature Heat Stress on the
Production Performance and Egg Quality of
Jinding Duck Was Studied Based on
Transcriptome Sequencing

The pituitary gland is an important endocrine organ
that regulates animal growth, development, metabolism,
and sexual function through a variety of hormones (Ooi

et al., 2004). Zhang et al. (2019) conducted a genome-
wide analysis of pituitary circRNAs in heat-stressed
sows in summer and found that differentially expressed
miRNAs in sows under heat stress were responses and
adaptations to heat stress to regulate 5 specific genes.
Becker et al. (2020) showed in a heat stress study of
dairy cows that at excessively high temperatures beyond
their thermoregulatory ability, heat stress affected vari-
ous physiological and biochemical indicators of dairy
cows, reducing their feed intake, immunity, and repro-
ductive performance. Zeng et al. (2023) identified 493
differentially expressed miRNAs and 6,475 DEGs in
pituitary tissue through a bioinformatics analysis of
hypothalamic-pituitary-mammary gland (HPM) axis-
related tissues in heat-stressed and normal dairy cows,
constructed a competitive endogenous RNA network
related to the heat stress response and lactation regula-
tion in hypothalamus, pituitary, and mammary gland
tissues, and found that most of the target genes of differ-
entially expressed miRNAs were significantly enriched
in the MAPK signaling pathway and hormone synthesis
and secretion in the HPM axis. Heat stress-induced dif-
ferences in RNA expression profiles in the hypothala-
mus, pituitary, and mammary gland tissues of the HPM
axis may provide a molecular basis for regulating the
stress response and lactation of heat-stressed dairy cows.
Tang et al. (2022) identified a total of 514 differentially
expressed miRNAs, including 442 known miRNAs and
72 novel miRNAs, in the ovarian tissue of heat-stressed
and control rabbits and found that 23 differentially
expressed miRNAs were significantly expressed in heat-
stressed rabbits.

The results of this study showed that novel 141,
which was previously unknown and upregulated in
pituitary tissue, was only expressed in the HS group
and that the downregulated novel 366 was only
expressed in the NT group, indicating that their
expression may be conserved. Heat stress affects the
secretion of related hormones and the release of
neurotransmitters by regulating the expression of
pituitary and ovarian tissue-related genes and differ-
entially expressed miRNAs, which may further affect
the heat stress response and reproductive perfor-
mance of Jinding ducks. In addition, calcium binding
and calcium-dependent exocytosis in this study were
significantly different in the ovarian tissues of the NT
and HS groups, and it was speculated that they were
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related to the egg quality of Jinding ducks under heat
stress.

Through a combined transcriptome and metabolome
analysis, Srikanth et al. (2020) found that the arginine
and proline metabolism, glutathione metabolism, and
seleno-amino acid metabolism pathways were enriched
in the chronic heat stress-induced oxidative stress
response in pigs. Qian et al. (2022) showed that the
DEGs in heat-stressed Clematis crass folia were signifi-
cantly enriched in 23 pathways, including oxidative
phosphorylation and phenylpropanoid biosynthesis. Li
et al. (2016) studied the effect of heat stress on gene
expression, steroid synthesis, and apoptosis of bovine
granulosa cells and showed that steroidogenic factor 1
(SF-1) inhibited estrogen synthesis by regulating the
expression of cytochrome P450 (CYP19A1) in ovarian
follicles, there by reducing estrogen levels. In this study,
under heat stress, Jinding ducks may inhibit estrogen
synthesis by regulating the expression of cytochrome
P450-related genes in ovarian follicles, thereby reducing
the estrogen levels and consequently the production per-
formance of Jinding ducks.

The Molecular Mechanism of the Effect of
High-Temperature Heat Stress on the
Production Performance and Egg Quality of
Jinding Duck Was Analyzed Based on
Transcriptome mRNA-miRNA

Kyoto Encyclopedia of Genes and Genomes enrich-
ment analysis of the candidate target genes found that
the significantly differentially expressed pathways were
the fructose and mannose metabolism pathways, involv-
ing DEGs such as hexokinase-1. Hexokinase has dual
functions, i.e., phosphorylation and glucose sensing.
Hexokinase can phosphorylate hexose, and hexose can
enter glycolysis only after phosphorylation. Phosphory-
lated hexose participates in the glycolysis pathway and
can provide cells with the energy required for life activi-
ties and precursor substances required for amino acid
synthesis through glycolysis. Zhang (2021) showed that
under high-temperature stress, most of the 6 hexokinase
genes and 1 mannose-6-phosphate isomerase gene were
upregulated, indicating that high-temperature stress
upregulated the expression of metabolite synthesis-
related genes, resulting in the accumulation of metabo-
lites and that high-temperature stress can be alleviated
by promoting the glycolysis pathway, which is specu-
lated to be one of the strategies by which maize resists
high-temperature stress. The results of this study indi-
cate that 2 hexokinase genes, which were upregulated
under high-temperature heat stress, might alleviate heat
stress by participating in glycolysis.

Based on the differential expression of miRNAs and
their candidate target genes in pituitary and ovarian tis-
sues of Jinding ducks in the HS group and NT group, 3
miRNA-target gene regulatory networks were con-
structed to better visualize the regulatory relationship
between miRNAs and their candidate target genes in

high-temperature heat stress and normal temperature
processes. Specifically, in pituitary tissue, the upregu-
lated miRNA novel 141 (center of the network) formed
a regulatory network with HSPB1, BCL7B, HSP30, and
AIFM1, and the downregulated novel 366 (center of
the network) formed a regulatory network with the JIP1
gene. Heat shock proteins (HSPs) are a class of highly
conserved stress response chaperone proteins that can
be synthesized in response to various stresses (including
heat stress) and participate in various cellular processes
(such as protein folding, protein trafficking, and protein
complex assembly/disassembly and degradation) to
maintain cell homeostasis (Zininga et al., 2018). Many
studies have shown that HSPs are also involved in bio-
logical functions such as inflammation, immunity, cell
differentiation, and antioxidation (Bolhassani and Agi,
2019; Das et al., 2019). Heat shock proteins are classified
into 6 families based on molecular mass, structure, and
function: small HSPs (sHSPs), HSP40, HSP60, HSP70,
HSP90, and large HSPs. HSPB1 and HSP30 are impor-
tant members of the sHSP family (Bolhassani and Agi,
2019). Studies have shown that HSP30 in fish partici-
pates in the stress response and maintains homeostasis
under heat stress and stimulation (Zarate and Bradley,
2003; Tomalty et al., 2015). HSPB1 prevents apoptosis
by protecting cells from heat shock, apoptotic effectors,
oxidative stress, and local ischemia (Acunzo et al.,
2012). Chu et al. (2022) showed that HSPB1 was signifi-
cantly highly expressed in the liver of small yellow
croaker under high temperatures, indicating that
HSPBI1 plays an important role in the response to tem-
perature stress. In ovarian tissue, upregulated novel 40
formed a regulatory network with the HA1FF10 gene,
downregulated novel 289 (center of the network)
formed a regulatory network with ZSWM7, ABI3, and
K1C23, and novel 221 formed a regulatory network
with IGF1, BCL7B, SMC6, APOA4, and FARP2. Dur-
ing follicle development, cells such as small theca cells
and granulosa cells can secrete insulin-like growth factor
1 (IGF1) (Yuan et al., 2018). The expression of IGF1 in
granulosa cells and ovarian theca cells stimulates their
proliferation (Onagbesan and Peddie, 1995; Armstrong
and Hogg, 1996; Onagbesan et al., 1999). In this study,
downregulated novel 221 in ovarian tissue formed a
regulatory network with the IGF1 gene, indicating that
under high-temperature heat stress, the proliferation of
ovarian granulosa cells may be inhibited by downregu-
lating IGF1 gene expression, which results in a decline in
the production performance of Jinding ducks. Therefore,
further research on novel 141 and novel 221 and their
target genes HSPB1, HSP30, and IGF1 should be con-
ducted.

CONCLUSIONS

In summary, heat stress regulates the secretion of
endocrine-related hormones and the release of neuro-
transmitters, and the expression of miRNAs and
mRNAs in pituitary and ovarian tissues may affect the
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production performance and egg quality of Jinding
ducks under heat stress. The established miRNA-
mRNA regulatory networks provide a theoretical basis
for the molecular mechanisms that regulate the stress
response in pituitary and ovarian tissues, egg quality,
and production performance under heat stress. The reg-
ulatory relationships between miRNAs and predicted
target genes and the effects of various candidate miR-
NAs that are involved in and mediate thermal stress in
the pituitary and ovary need to be further verified.
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