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ABSTRACT Our previous study on the ovarian tran-
scriptomic analysis in Leizhou black duck revealed that
the ESR2 gene was involved in hormone regulation in
reproduction and the estrogen signaling pathway related
to reproductive performance was enriched. This sug-
gested that ESR2 may have a functional role in the
reproductive performance of the Leizhou black duck.
Thus, this study aimed at evaluating the polymorphism
of the ESR2 gene and its association with egg-laying
traits and the distribution pattern of ESR2 mRNA in
laying and non-laying Leizhou black ducks. In this
study, genomic DNA was extracted from blood samples
of 101 Leizhou black ducks to identify single nucleotide
polymorphisms (SNPs) of the ESR2 gene to elucidate
molecular markers highly associated with egg-laying
traits. Four each of laying and non-laying Leizhou black
ducks were selected to collect different tissues to analyze
the ESR2 gene expression. A total of 23 SNPs were iden-
tified and association analysis of the single SNP sites

showed that SNPs g.56805646 T>C and exon 3-20G>A
were significantly (P < 0.05) associated with egg weight.
Ducks with CT and AG genotypes had significantly
higher (P < 0.05) egg weights than their respective other
genotypes. Haplotype association analysis of g.56805646
T>C and exon 3-20G>A showed that the haplotypes
were significantly associated with egg weight. Higher
egg weight was seen in individuals with H3H4 haplo-
types. In the hypothalamus-pituitary-gonadal (HPG)
axis, the results of qRT /PCR showed that ESR2 mRNA
was significantly (P < 0.05) expressed in the ovaries of
both duck groups than in the hypothalamus and pitui-
tary. In the oviduct, ESR2 was significantly (P < 0.05)
higher in the infundibulum and magnum of laying and
non-laying ducks respectively. This study provides a
molecular marker for selecting Leizhou black ducks for
egg production. In addition, it offers theoretical knowl-
edge for studying the related biological functions of the
ESR2 gene at the cellular level.
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INTRODUCTION

Estrogens belong to the gonadal steroid hormone fam-
ily synthesized from cholesterol mainly in the ovaries,
granulosa cells, and corpora lutea. However, they are
also produced in other nongonadal organs and tissues,
including the heart, liver, skin, brain, adipose tissue, and
adrenal glands (Knapczyk-Stwora et al., 2008;
Cui et al., 2013; Nelson and Habibi, 2013; Fuentes and
Silveyra, 2019). In the reproductive system, estrogens
regulate oogenesis, ovulation, estrous behavior, uterine
propagation, vitellogenesis, endometrial gland secre-
tions, gonadotropin secretions, male and female sex
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organ development, and secondary sex characteristics
(Nelson and Habibi, 2013; Hamilton et al., 2014;
Fuentes and Silveyra, 2019). Estrogens’ biological and
physiological functions are executed by binding to the
cognate receptors known as estrogen receptors (ERs).
The two primary receptors in poultry are estrogen recep-
tor 1 (ESR1/ERa/ERI1) and estrogen receptor 2
(ESR2/ERB/ERZ2), which belong to the nuclear receptor
superfamily (Murphy et al, 1998; Okat, 2018;
Chen et al., 2019). The ERs act as transcription factors
to initiate gene transcription through estrogen response
elements (ERESs) in the target tissues and interact with
other transcription factors (Hall and McDonnel, 1999).
The female reproductive development and perfor-
mance including ovary, oviduct, ovarian follicle develop-
ment, egg production performance, and egg quality
traits are of much concern to poultry breeders. The
ovary is the female reproductive organ responsible for
producing and releasing eggs and serves as an endocrine
gland to produce and discharge hormones. In addition,
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it regulates the production of proteins and steroid hor-
mones for follicle development, ovulation, estrous cycle
maintenance, secondary sex characteristics, and uterus
preparation for implantation (Luderer, 2014; Pan et al.,
2014;  Shimizu, 2016; Zhu et al, 2017,
Asiamah Amponsah et al., 2019). Due to its inevitable
functions and importance in poultry, several studies
have focused on the ovary to identify and scrutinize
main and differentially expressed genes (DEGs) that
regulate its development and functions, including egg
production and quality traits (Luan et al., 2014;
Y. Wu et al., 2014; Ding et al., 2015; Zhu et al., 2017;
C. Cui et al, 2019; Y. ming Cui et al.,, 2019;
Mishra et al., 2020). The functional unit of the ovary is
the follicles made up of germ cells (oocytes) and somatic
cells (granulosa cells and theca cells) (Charlier et al.,
2012; Luderer, 2014). The growth of the follicles is regu-
lated by the hypothalamic (GnRH) and pituitary (folli-
cle-stimulating hormone, FSH and luteinizing hormone,
LH) hormones which promote the production of estra-
diol (main estrogen) by the granulosa cells to enhance
the follicle development (Szenci et al., 2006; Zoheir and
Ahmed, 2012; Shimizu, 2016).

Traditional breeding and selection methods to maxi-
mize the reproductive performance of egg-laying chick-
ens are very slow (Zhu et al., 2017). The detection of
single nucleotide polymorphisms (SNPs) has helped
identify novel genetic markers to more precisely select
animals for enhanced egg-production performance. The
identification of SNPs in candidate genes and the corre-
lation with egg-laying traits in chickens, geese, and
ducks is an important technique used to genetically
improve animal selection and production (Kang et al.,
2012; Li et al., 2013; Wu et al., 2014, 2018; Kuli-
baba, 2015; Alsiddig et al., 2017; Mohamed et al., 2017;
Niu et al., 2017; Xu et al., 2017; Ye et al., 2017;
Feng et al., 2018; Bai et al., 2019)

Leizhou black duck is a duck breed widely distributed
in the Leizhou Peninsula in China which has characteris-
tics such as strong adaptability, strong disease resis-
tance, long egg peak duration, early egg age, rich trace
elements in eggs, and coarse feeding tolerance
(Huang et al., 2014). Genetic diversity is an ideal genetic
material for a high-quality local duck population to
improve meat and egg performance and environmental
adaptability. So far, there have been many reports on
the research of Leizhou black duck (Meng et al., 2013,
2014a,b; Tang et al., 2013; Asiamah et al., 2020;
Lu et al., 2020; Zou et al., 2019, 2020). However, no
study has focused on the polymorphism of ESR2 and its
association with egg-laying traits and the expression
profile of ESR2 in various tissues in Leizhou black
ducks.

Recently, our study on the ovarian transcriptomic
analysis in Leizhou black duck revealed that the ESR2
gene was involved in hormone regulation in reproduc-
tion, and the estrogen signaling pathway related to
reproductive performance was enriched (Zou et al.,
2020). This suggested that ESR2 may have a functional
role in the reproductive performance of the Leizhou

black duck. Thus, this study aimed at evaluating the
polymorphism of the FSR2 gene and its association with
egg-laying traits, the distribution pattern of ESR2
mRNA in the hypothalamic-pituitary-gonadal (HPQ)
axis, oviduct, and nonreproductive organs to identify
genetic markers for duck selection to enhance egg pro-
duction and to ascertain the expression profile of ESR2
in various tissues of Leizhou black duck.

MATERIALS AND METHODS

Animals, Data Collection, and DNA
Preparations

All the animals were maintained and studied following
the National Institute of Health (NIH) guidelines for
care and use of laboratory animals, and all protocols
were approved in advance by the Animal Care and
Ethics Committee of Guangdong Ocean University of
China (No. NXY20160172).

One hundred and one (101) female Leizhou black
ducks from the same batch of the F4 generation were
obtained from Hengcheng Breeding Professional Coop-
erative in Potou District, Zhanjiang city. As described
in our previous work; all the ducks lived under the same
housing, management, and feeding conditions
(Asiamah et al., 2020). The selected laying Leizhou
black ducks were housed individually in pens and egg-
laying traits were measured for marker-trait association
analysis. The egg-laying traits included; age at first egg
(AFE), egg production rate of 50% ducks; bodyweight
at first egg (BWFE), the weight of ducks at first egg;
first egg weight (FEW), the weight of the first eggs laid,
and egg number at 43 wk (E43W), number of eggs laid
from the beginning to the end of 43 wk.

Blood samples were taken from the wings of 101
ducks into a syringe containing 2% EDTA used as an
anticoagulant and stored at —80°C for further experi-
ment. Genomic DNA was isolated from each duck’s
whole blood using Tiangen’s blood DNA extraction
kit (Beijing Tiangen) following the manufacturer’s
instructions. The quality of the extracted blood DNA
of Leizhou black ducks was detected by 1.5% agarose
gel electrophoresis. The UV spectrophotometer was
used to detect the concentrations and the OD values
of the DNA samples. The concentrations of the sam-
ples were about 600 to 800 ng/uL, and the OD value
260/280 was about 1.8. Then, the DNA samples were
stored at —20°C for further use.

RNA Extraction and cDNA Synthesis

Four each of adult females laying ducks at 43 wk old
and non-laying Leizhou black ducks at 16 wk old were
selected and euthanized. A total of 14 tissues were
quickly collected into tubes containing liquid nitrogen
and stored in a refrigerator at —80°C for later use. The
tissues were grouped as reproductive tissues (hypothala-
mus, pituitary, and ovary), reproductive tract or
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oviduct tissues (infundibulum, magnum, isthmus, and
uterus), and nonreproductive tissues (heart, liver,
spleen, lung, kidney, breast muscle, and leg muscle).

Total RNA was extracted from each tissue using Mag-
zol reagent (Beijing, Quanshijin), following the manu-
facturer's protocol. The quality and concentrations of
the RNA were detected respectively by 1% agarose gel
electrophoresis and NanoDrop 2000 spectrophotometer
(Thermo Scientific, Waltham, MA) at 260:280 nm ratio.
Then, reverse transcription was performed to synthesize
cDNA using PrimeScript RT Reagent kit with gDNA
Eraser (Beijing, Quanjin) according to the manufac-
turer’s protocol.

Primer Design

Primers P1—P4 were designed for SNP screening, P5
and P6 were used for quantitative real-time PCR (RT-
gPCR) analysis of ESR2 gene and duck B-actin gene
(internal control) respectively.

All primers were designed using Primer Premier 6.0
(Palo Alto, CA) and synthesized by Sangon Biotechnol-
ogy (Shanghai, China). The detailed information of all
primers used in this study is provided in Table 1.

SNP Selection of Leizhou Black Duck ESR2
Gene

DNA samples from 30 Leizhou black ducks were cho-
sen randomly to construct a DNA pool by mixing the
same amount of DNA from each duck in a centrifuge
tube. After PCR reaction and sequencing, 4 primers P1
—P4 were selected for SNPs screening of 101 Leizhou
black ducks (Table 1). The PCR amplification was per-
formed in a 20 wL total reaction volume containing 10
1L 2 x Easy Taq SuperMix (TransGen Biotech, Beijing,
China), 8 uL of ddH20, 0.5 uL of each pair of primers
and 1 uL DNA sample. The reaction conditions were
denaturation at 95°C for 5 min, 35 PCR cycles (consist-
ing of denaturation at 95°C for 30 s, annealing at 54°C
for 30 s, and extension at 72°C for 45 s), and a final
extension at 72°C for 5 min. The PCR products were
detected by electrophoresis through a 1.5% agarose gel
and confirming the length, the amplified PCR products
were sequenced by a commercial service (Sangon

Table 1. ESR2 gene primer sequence.

Biotechnology). Finally, through the sequencing peak
map returned by the company, each sample was
screened for single-base mutations in the ESR2 gene
using the Seqman sub-software in DNAstar ver. 7.1.0
software (DNAStar, Inc. Madison, WT).

Haplotype Analysis of SNPs

SNPs with a significant association with egg-laying
traits were selected for haplotype analysis using Haplo-
view 4.2 to obtain haplotypes for association analysis.
One haplotype was randomly selected to represent hap-
lotype combinations that had the same genotypes. Hap-
lotype combinations that were not seen in >3
individuals were removed because they could not be
used for the analysis.

Expression Profile of the Leizhou Black Duck
ESR2 Gene

According to the ChamQTM SYBR gPCR Master
Mix 7750 (Trans, Guangzhou) fluorescence quantifica-
tion kit, the fluorescence quantification of each sample
tissue was performed on the Applied Biosystems StepO-
nePlus (Foster City, CA) fluorescence quantitative
PCR. Three replicates for ESR2 and B-actin were per-
formed in every tissue. PCR reaction system: 10 uL
ChamQTM SYBR qPCR Master Mix, 0.5 uL. PCR For-
ward Primer (0.5 uM), 0.5 uL PCR Reverse Primer
(0.5uM), 0.5uL, ¢cDNA, 8.5 uL. ddH20, a total volume
of 20 uL amplification reaction. Reaction procedure to
amplify the template was 95°C, 30 s; 40 cycles (95°C, 10
s; 56°C, 30 s; lighting; 72°C, 25 s); 95°C, 15s; 60°C, 1
min; 95°C, 15 s. The relative expression levels of the
genes test were calculated using the 2—AACt method
(Schmittgen and Livak, 2008).

Statistical, Genotyping, and Association
Analyses

Statistical analyses of ESR2 mRNA expression data
(fold changes) in various tissues were analyzed by one-
way ANOVA and ¢ test using SPSS 13.0 software. The
data are presented as the mean + the standard error of
the mean (SEM) of each set of three independent

Gene Primer name Sequence (5'—3’) Annealing temperature (°c) Product size (bp) Application
ESR2 P1 F: TGTCATTGTACGGCTTATGTTCAC 60 1149 SNP screening
R: TTCCAGTCATTGCGAGTGTTTC
P2 F: GCATTTCCATTGTTAGGGTGA 57 910
R: AAGCCTTAGGAGCAGGATGA
P3 F: GCCAGTATTGGAAACTGATGC 57.7 905
R: AACCTTGCTCTAATTGCCTTGT
P4 F: CAATGTCCCATAGCAAGGAGT 56.5 1232
R: GATGCGTAATCACGAACCAG
P5 F: CAGTGCTACCTGTGACCAGA 60.0 168 RT/gPCR
R: TGCAGCCTTCACATGACCAG
B-actin P6 F: CGCAAATGCTTCTAAACC 52.0 167

R: AGACTGCTGCTGATACCTT
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experiments. A P value of <0.05 was considered statisti-
cally significant.

All SNP loci were found through the individual
sequencing results; genotypes and alleles were recorded
and calculated at each SNP site. Each polymorphism
was evaluated for Hardy-Weinberg equilibrium using a
Pearson’s goodness-of-fit chi-square test (degree of free-
dom = 1). Gene homozygosity (Ho), heterozygosity
(He), the effective number of alleles (Ne), and the poly-
morphism information content (PIC) were statistically
analyzed using the POPGENE v. 1.32 software
(Yeh and Boyle, 1997). In addition, haplotype analysis
was performed for SNPs with a significant association
with egg-laying traits using Haploview 4.2 software
(BROAD, Cambridge, UK) (Barrett et al., 2005).
Finally, association analyses of polymorphisms were per-
formed with the measured egg-laying traits using SPSS
13.0 software.

RESULTS

Polymorphisms of Leizhou Black Duck ESR2
Gene (Genotype Frequency, Allele
Frequency, Ne, PIC, and Hardy Weinberg's
Law)

After PCR amplification and sequencing, 23 SNP sites
were finally identified of which 2 SNPs were found in the
exon and 21 SNPs in the introns.

The genotype and allele frequencies, Ne, and PIC of
the 23 SNP loci of ESR2 gene were calculated, and
Hardy-Weinberg equilibrium was evaluated using the
chi-squared test (Table 2). For the locus g.
56800546 T>G, the gene frequencies of alleles T and G
were 40.1 and 59.9%, respectively. The gene frequency
of allele G was higher than that of allele T, making allele
G the dominant gene of the population. TT, TG, and
GG genotype frequencies were 16.5, 47.2, and 36.3%,
respectively. Considering Exon 2-160 C>T locus, the
gene frequencies of alleles C and T are 58.3 and 41.7%
making allele C higher and dominant over allele T in the
population. The genotype frequencies of CC, CT, and
TT were 32.3, 52.1, and 15.6%, respectively. Gene homo-
zygosity was higher than the heterozygosity for all the
23 SNP loci, with the number of effective alleles ranging
from 1.3 to 2. PIC analysis results indicated that all the
SNPs displayed moderate polymorphism (0.30 < PIC <
0.40) except g.56808450 G>A (PIC < 0.25) which
showed a low polymorphism. The mean PIC for all the
SNPs was 0.36, which is a moderate polymorphism. The
chi-square test results indicated that all 23 SNPs were in
Hardy-Weinberg equilibrium (Table 2).

Association Analysis Between SNPs of
ESR2 Gene and Egg-Laying Traits of Leizhou
Black Duck

Association analysis between ESR2 genotypes and
egg-laying traits of Leizhou black duck was

performed. The result showed that the SNP g.
56805646 T>C was significantly (P < 0.05) associ-
ated with egg weight. Furthermore, ducks with CT
genotype had significantly (P < 0.05) higher egg
weight than those with CC genotypes (Table 3).
Also, SNP exon 3-20 G>A was associated with egg
weight, where individuals with AG genotypes had
significantly higher (P < 0.05) egg weight than AA
genotype ducks (Table 3).

Haplotype Analysis of Single-SNPs of ESR2
Gene of Leizhou Black Duck

Haploview 4.2 software was used for haplotype analy-
sis for the SNPs (g. 56805646 T>C and exon 3- 20 G>A)
associated with egg-laying traits. The linkage disequilib-
rium analysis indicated a high linkage block between g.
56805646 T>C and exon 3- 20 G>A (g. 56808690 A>G)
for ESR2 gene (Figure 1) with 4 different kinds of related
data hap 1, hap 2, hap 3, and hap 4 respectively for H1,
H2, H3, and H4 and their frequencies. The combined
genotype present at the highest frequency was H1 (TG;
0.511), with H2 (CA) being the next most frequent
(0.445), followed by H3 (CG; 0.033) and H4 (TA; 0.011)
(Table 4). Each of the 4 haplotypes was paired with
itself and each other to form 10 combinations. Since
H1H2 and H3H4 combinations had the same genotypes,
H3H4 was randomly selected to represent both combina-
tions. The data of egg-laying traits of individuals that
had the combined haplotypes were used for the associa-
tion analysis. Haplotype combinations that were not
seen in >3 individuals were taken out because they could
not be used for the analysis.

Association of g. 56805646 T>C and Exon
3-20G>A Haplotype Combinations
With Egg-Laying Traits

In the linkage between g. 56805646 T>C and exon
3-20G>A (g. 56808690 G>A) 5 research significant
combinations (combinations with the number of indi-
viduals greater than or equal to 3) were formed from
consecutive SNPs to reveal their association with egg-
laying traits. The results showed that the haplotypes
were significantly associated with egg weight. Higher
egg weight was seen in individuals with H3H4 haplo-
types, followed by HIH3, H1H1, H2H3, with the low-
est egg weight in H2H2 haplotype individuals.
Individuals with haplotype H3H4 had significantly (P
< 0.05) higher egg weight than H2H2 individuals
(Table 5). There was no difference (P > 0.05) in the
egg weight of H1H1, H1H3, H2H2, and H2H3 individ-
uals. Individuals with H1H1 haplotypes had lower
FEA than the others but the difference was not signifi-
cant (P > 0.05). H1H3 individuals had the highest (P
> 0.05) WFE compared to the other individuals fol-
lowed by H2H2, H2H3, H1H1, with H3H4 ducks hav-
ing the lowest WFE. The highest (P > 0.05) NE300D



Table 2. Genotype frequency, allele frequency, and Hardy Weinberg's law data of SNPs of ESR2 gene in Leizhou black duck.
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Genotype Effective allele Homo Hetero 3 HWE
SNP frequency Gene frequency numbers Zygosity Zygosity PIC X P
1 g. 56800546G>T TT(0.164835) T(0.4011) 1.9247 0.5196 0.4804 0.365027 0.044039 0.833781
G(0.472527) G(0.5989)
G(0.362637)
2 g. 56800575C>T C(0.362637) C(0.599) 1.9247 0.5196 0.4804 0.365027 0.044039 0.833781
CT(O.472527) T(0.401)
TT(0.164835)
3 2.56800841A>G AA(0.351648) A(0.5934) 1.9326 0.5174 0.4826 0.366124 0.833781 0.97318
AG(0.483516) G(0.4066)
GG(0.175824)
4 g. 56800870 C>T CC(0.362637) (0 6044) 1.9165 0.5218 0.4782 0.363863 0.97318 0.97318
CT(0.483516) T(0.3956)
TT(0.153846)
5 g. 56800876G>A AA(0.164835) A(0.4066) 1.9326 0.5174 0.4826 0.366124 0.00113 0.97318
AG(0.483516) G(0.5934)
GG(0.351648)
6 g. 56800878 T>C CC(0.164835) C(0.4066) 1.9326 0.5174 0.4826 0.366124 0.00113 0.97318
CT(0.483516) T(0.5934)
T(0.351648)
7 g. 56800880 C>T C(0.351648) C(0.5934) 1.9326 0.5174 0.4826 0.366124 0.00113 0.97318
CT(0.483516) T(0.4066)
T(0.164835)
8 g. 56801022 G>C C(0.164835) C(0.3956) 1.9165 0.5218 0.4782 0.363863 0.148486 0.699986
C(0.461538) G(0.6044)
GG(0.373626)
9 g. 56805646 T>C CC(0.239583) C(0.474) 1.9946 0.5014 0.4986 0.374321 0.407954 0.52301
CT(0.46875) T(0.526)
TT(0.291667)
10 g. 56805648 C>T CC(0. 34375) C(0.5938) 1.9321 0.5176 0.4824 0.366056 0.093535 0.759731
CT(0.5 T(0.4062)
TT(0.15625)
11 g. 56805668 T>C CC(0.145833) C(0.4062) 1.9321 0.5176 0.4824 0.366056 0.531627 0.465924
CT(0.520833) T(0.5938)
TT(0.333333)
12 Exon 2- 160 C>T CC(0.322917) C(0.5833) 1.9459 0.5139 0.4861 0.367959 0.420891 0.516493
CT(0.520833) T(0.4167)
TT(0.15625)
13 CC(o0. 15625) C(0.4062) 1.9321 0.5176 0.4824 0.366056 0.093535 0.759731
g. 56805900 G>C CG(0.5 G(0.5938)
GG(0.34375)
14 g. 56806025 T>A AA(0.15625) A(0.4115) 1.9392 0.5157 0.4843 0.367037 0.227338 0.633504
T(0.510417) T(0.5885)
T(0.333333)
15 g. 56806052 T>C CC(0.15625) C(0.4115) 1.9392 0.5157 0.4843 0.367037 0.227338 0.633504
T(0.510417) T(0.5885)
T(0.333333)
16 g. 56806132 G>T TT(0. 15625) T(0.4062) 1.9321 0.5176 0.4824 0.366056 0.093535 0.759731
TG(0.5 G(0.5938)
GG(0.34375)
17 g. 56806168 G>A AA(0.15625) A(0.4115) 1.9392 0.5157 0.4843 0.367037 0.227338 0.633504
AG(0.510417) G(0.5885)
GG(0.333333)
18 Exon 3- 20 G>A AA(0.217822) A(0.4653) 1.9904 0.5024 0.4976 0.373793 0.010299 0.919167
AG(0.49505) G(0.5347)
GG(0.287129)
19 g. 56808646 A>G AA(0.287129) A(0.5297) 1.993 0.5018 0.4982 0.374116 0.09859 0.753528
AG(0.485149) G(0.4703)
GG(0.227723)
20 g. 56808531A>G AA(0.376238) A(0.6188) 1.8931 0.5282 0.4718 0.360488 0.055317 0.814057
AG(0.485149) G(0.3812)
GG(0.138614)
21 g. 56808450G>A AA(0.029703) A(0.1386) 1.3137 0.7612 0.2388 0.210272 0.889832 0.345523
AG(0.217822)  G(0.8614)
GG(0.752475)
22 g. 56810074 C>T CC(0.27) C(0.53) 1.9928 0.5018 0.4982 0.374098 0.150035 0.698502
CT(0.52) T(0.47)
(0.21)
23 g. 56810329 C>G CC(0.26) C(0.5) 2 0.5 0.5 0.375 0.202731 0.652525
CG(0.48) G(0.5)
GG(0.26)
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Table 3. Association of two (2) SNPs in ESR2 gene and egg-laying traits of Leizhou black duck.

Traits (Mean + SD)

SNP Genotypes
FEA WFE EW NE300D

g. 56805646 T>C CC 141.95 + 20.00 1330.84 + 152.30 45.4 £9.99" 121.86 £ 21.27
CT 138.79 £ 22.32 1296.61 £ 132.93 50.10 & 7.43" 123.33 £ 26.07
TT 137.68 £ 23.39 1320.25 + 102.22 48.7 £ 8.68"" 118.91 +21.99

Exon 3- 20 G>A AA 139.47 £ 20.99 1338.99 £ 146.16 45.96 £ 9.97" 125.11 £ 24.27
AG 138.79 £ 22.58 1299.40 £ 130.24 50.53 + 8.08" 122.30 £ 25.18
GG 135.22 4+ 22.38 1323.39 + 112.36 47.56 & 7.36™" 122.48 + 22.38

2PDjfferent lowercase indicates significant difference (P < 0.05).Abbreviations: EW, egg weight; WFE, weight at first egg.

were laid by H1H3 individuals whereas H2H3 individ-
uals had the lowest NE300D (Table 5).

Expression Profile of ESR2 Gene in Various
Tissues of Laying and Non-laying Leizhou
Black Ducks

To evaluate the expression pattern of ESR2 in Leiz-
hou black ducks, 14 different tissues were selected from
the ducks and detected by RT-qPCR. The results
showed that the ESR2 gene was expressed in all the
studied tissues. In the reproductive tissues (hypothala-
mus, pituitary, and ovary) of both laying and non-laying
ducks, the ESR2 gene significantly (P < 0.01) expressed
in the ovary compared to the other tissues (Figure 2).
ESR2 was significantly (P < 0.01) expressed in the pitui-
tary than in the hypothalamus in laying ducks, but no
difference (P > 0.05) was found in the non-laying ducks
for the two tissues (Figures 2A and 2B). Comparatively,
there was a significant (P < 0.01) expression of the

0.56805646T>C
0.56808690G>=A

Elock 1 {3 Kb
1 2

Figure 1. The haplotype between g. 56805646 T>C and g.
56808690 G>A (Exon 3- 20 G>A). The linkage disequilibrium coeffi-
cient between mutations (D’ and 1*), the numbers are the r* value (%)

ESR2 gene in all three tissues of laying ducks than that
of non-laying ducks (Figure 2C).

In the oviduct (infundibulum, magnum, isthmus, and
uterus), the greatest expression level of ESR2 was found
in the infundibulum compared to other tissues, followed
by the uterus and isthmus with the lowest expression
level in the magnum in the laying ducks (Figure 3A).
There was no significant (P > 0.05) difference in the
expression of the ESR2 gene in the infundibulum and
uterus. ESR2 was significantly (P < 0.01, P < 0.05)
expressed in infundibulum than in magnum and isthmus
(Figure 3A). ESR2 was highly expressed (P < 0.01) in
the uterus compared to the magnum. There was no sig-
nificant (P > 0.05) difference in the expression of ESR2
between the uterus and isthmus and between the isth-
mus and magnum (Figure 3A). In non-laying ducks, the
highest expression level of FSR2 was found in the mag-
num compared to other tissues followed by the infundib-
ulum and uterus with the lowest expression level in the
isthmus. ESR2 significantly (P < 0.01) expressed in
magnum compared to the three other tissues
(Figure 3B). There was no significant (P > 0.05) differ-
ence in the expression of the ESR2 gene in the infundibu-
lum, isthmus, and uterus (Figure 3B). Comparatively,
there was a significantly higher (P < 0.01, P < 0.05)
expression of the ESR2 gene in the oviduct of laying
ducks than that of non-laying ducks (Figure 3C).

In non-reproductive tissues (heart, liver, spleen, lung,
kidney, breast muscle, and leg muscle), the highest (P <
0.01) expression level of ESR2 was found in the spleen
compared to other tissues in both laying and non-laying
ducks (Figures 4A and 4B). Evident ESR2 mRNA
expression was discovered in the heart, liver, lung, and
kidney with lower expression levels in breast and leg
muscles. ESR2 was significantly expressed (P < 0.01) in
the lung and kidney than in the heart, liver, breast, and
leg muscles of laying ducks (Figure 4A). A similar pat-
tern was recorded in non-laying ducks except for the
liver which did not differ significantly (P > 0.05) from
lung and kidney (Figure 4B). Whereas ESR2 expression

Table 4. Haplotype frequency g. 56805646 T>C and exon 3-
20G>A of ESR2 gene.

Haplotype g. 56805646 T>C g. 56808690 A>G Frequency
H1 T G 0.511
H2 C A 0.445
H3 C G 0.033
H4 T A 0.011
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Table 5. Association of haplotype combinations (number of individuals >3) egg-laying traits.

Traits (Mean + SD)

Haplotypes

FEA WFE EW NE300D
H1H1 135.71 + 23.30 1313.64 £ 102.31 47.55 4 7.82"" 120.58 £ 22.02
H1H3 137.0 £ 16.97 1358.9 + 236.88 48.35 £ 0.92" 151.0 & 5.66
H2H2 141.24 +21.09 1332.72 + 153.54 45.02 + 9.60" 122.59 + 23.26
H2H3 145.0 + 16.79 1322.85 £ 169.68 47.0 £13.0™ 118.75 + 10.72
H3H4 138.78 £ 23.35 1292.33 £+ 126.63 50.73 + 7.57" 121.19 + 26.8

**Different lowercase indicates significant difference (P < 0.05).

was significantly (P < 0.01) higher in the liver than in
the heart of laying ducks (Figure 4A), it did not differ in
non-laying ducks (Figure 4B). A similar pattern was
seen in breast and leg muscles in both duck groups
(Figure 4A and 4B). Comparatively, there was signifi-
cantly higher (P < 0.01) expression of the ESR2 gene in
all tissues of laying ducks compared to non-laying ducks
(Figure 4C).

DISCUSSION
Genetic Polymorphism of ESR2 Gene

To elucidate the possible relationship between the
ESR2 gene and egg-laying traits, we designed 4 different
primers and examined SNPs in coding and non-coding
regions. Each of the four (primers 1,2,3, and 4) were

A Laying Ducks

found to have 8, 9, 4, and 2 SNP sites respectively, a
total of 23 SNP sites. Out of the 23 SNP sites, only 2 of
them, exon 2-160C>T (primer 5) and exon 3-20G>A
(primer 6) were found in the coding region. SNPs mostly
occur in the non-coding regions to affect gene splicing,
non-coding RNAs, and transcription factor binding
(Barreiro et al., 2008); thus, most of the SNPs found in
this study were located in the non-coding region. Only
4% of the over 1.4 million SNPs are located in the coding
regions with a few causing amino acid changes
(Kassam et al., 2005). In this study, the 2 SNPs found in
the coding regions caused no effect on the amino acid
sequence.

Homozygosity in a population indicates that individu-
als possess 2 identical forms of a particular gene. In this
study, the homozygosity of all the SNP sites identified
was higher than the heterozygosity, which may be due
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Figure 2. Expression pattern of ESR2 in the HPG-axis of Leizhou black ducks. (A) Expression pattern of ESR2 in HPG-axis of laying ducks;
(B) Expression pattern of ESR2 in HPG-axis of non-laying ducks; (C)comparative expression pattern of ESR2 in HPG axis of laying and non-laying
Leizhou black ducks. In both A and B, ESR2 was significantly expressed in the ovaries than the other tissues. In C, ESR2 was highly expressed in all
tissues of laying ducks than non-laying ducks. NB: Different lower cases show a significant difference (P < 0.01). ** show an extremely significant dif-

ference (P < 0.01)
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difference (P < 0.05; 0.01); * show a significant difference (P < 0.05), ** show an extremely significant difference (P < 0.01).
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to genetic drift that causes loss in genetic diversity due
to loss of alleles caused by inbreeding (Oldenbroek and
Liesbeth, 2014). Earlier studies have shown that PIC
and Ne are important genetic parameters that indicate
the level of intrapopulation genetic variation
(Abdalhag et al., 2015; Niu et al., 2017). The results of
Ne and PIC in this study showed that 22 of 23 SNPs dis-
played moderate polymorphism with the mean PIC
value of 0.36. A study in chickens showed that the ESR2
gene SNP exhibited a low PIC value of 0.226, lower than
that in this study (Niu et al., 2017). Though the allele
homozygosity of 22 SNPs was higher than the heterozy-
gosity, it was less than 0.55, signifying that the domi-
nant allele has been moderately subjected to selection.
However, allele homozygosity of one SNP (g.
568088450G>A) was higher than 0.7 which indicates
that the allele has been subjected to high selection,
which was similar to a study on ESR2 in chicken with
high homozygosity of 0.74 (Niu et al., 2017). All the
SNPs were found to be in Hardy-Weinberg equilibrium.

Association Analysis Between ESR2 Gene
Polymorphism and Egg-Laying Traits

AFE is an essential trait that indicates sexual matu-
rity and egg-laying performance even though it has a
negative correlation with the number of eggs laid
(Savegnago et al., 2011; Niknafs et al., 2012; Shann-
Ren et al., 2018; Tongsiri et al., 2019). In this study, the
average AFE of Leizhou black ducks was 20 wk which
indicates the sexual maturity of the entire population;
thus, EW, WFE, and NE300D were qualified in this
study. However, AFE is controlled by polygenes with
low to moderate heritability ranging from 0.13 to 0.20,
making the traditional breeding method ineffective
(Hu et al., 2004; Goraga et al., 2012; Lin et al., 2016).
Given this, SNP as a molecular marker is a powerful tool
to improve egg production traits.

As reported earlier, estrogens are primarily found in
the ovary and regulate several functions of the repro-
ductive system such as ovulation, oogenesis, vitellogen-
esis, estrous behavior among others (Gustafsson, 2003;
Heldring et al., 2007; Nelson and Habibi, 2013;
Hamilton et al., 2014) indicating that estrogen partici-
pates in egg-laying performance by binding to its recep-
tors. Therefore, ESR2 may be a possible marker for
selecting ducks for egg-laying performance. Several can-
didate genes such as GH, PRL, OIH, MTNR, FSHR,
IGF, and DRD2 have as well been studied to have an
association  with  egg-laying traits in  ducks
(X. Wu et al., 2014; Xu et al., 2017; Ye et al., 2017,
Feng et al., 2018; Wu et al., 2018; Bai et al., 2019) but
none is known about polymorphism of ESR2 and asso-
ciation with egg-laying traits in ducks.

Similar to this study, a previous study in Chinese
Dagu chickens showed that the SNP G1755A of the
ESR2 gene was significantly associated with EW at 30
wk. Furthermore, eggs produced by chickens with AG
genotype had a higher weight than those with GG

genotypes (Niu et al., 2017). This finding indicates that
SNPs g. 56805646 T>C and exon 3-20 G>A of the ESR2
gene may affect egg weight and can be used as novel
molecular markers to increase egg weight in Leizhou
black ducks.

Haplotype analysis for the 2 single-SNPs that had a
significant association with egg weight showed that the
region was in linkage disequilibrium. The haplotypes H1
(TG) and H2 (CA) reached 51 and 44%, respectively
indicating that the haplotypes may be important for the
Leizhou black ducks egg weight trait. Like the current
study, an earlier study reported the highest frequency of
56% H1 combined genotype of ESR1I and ESR2
(Niu et al., 2017).

Association analysis of the haplotype showed that the
haplotype-SNP of ESRZ2 was significantly associated
with EW. Individuals with haplotype H3H4 had the
highest EW compared to the other haplotypes. This
haplotype association analysis was consistent with the
significant effect detected by the single-SNP association
analysis, which was similarly reported in chickens
(Niu et al., 2017).

These results demonstrate a strong association
between the FSR2 gene and egg-laying traits and can be
used as a marker for selecting Leizhou black ducks for
egg production.

ESR2 Distribution Pattern in the HPG Axis of
Laying and Non-laying Leizhou Black Ducks

The HPG axis regulates follicle development and ovu-
lation which influence egg-laying performance. GnRH is
released from the hypothalamus into the pituitary to
excite the production and discharge of gonadotropins,
FSH and LH. The gonadotropins then stimulate the
growth of follicles and estrogen production by the granu-
losa cells in the ovary (Szenci et al., 2006; Zoheir and
Ahmed, 2012; Shimizu, 2016).

Given this, we focused on the reproduction-related
organs; the hypothalamus, pituitary, and ovary to
examine the expression pattern of ESR2 in these organs.
The results disclosed that ESR2 was expressed in all the
organs mentioned above. ESR2 was significantly
expressed in the ovary, followed by the pituitary with
the lowest in the hypothalamus in both duck groups.
Similarly, studies have revealed that ESR2 was highly
expressed in the ovary than in the pituitary and brain of
Fathead Minnow fish, goldfish, yellow perch fish, hag-
fish, and teleost fish (Socorro et al., 2000; Choi and Hab-
ibi, 2003; Filby and Tyler, 2005; Lynn et al., 2008;
Nishimiya et al., 2017). After feeding Zhedong White
Geese with phytoestrogen daidzein to examine its effect
on mRNA levels in the HPG axis, FSR2 was signifi-
cantly found in the ovary where estrogen is mainly local-
ized (Zhao et al., 2013). Again, when laying geese were
fed with dietary energy concentration, estrogen mRNA
levels were higher in the ovaries of animals fed with a
sufficient energy diet than those fed with deficient
energy diets (Liu et al., 2019).
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In this study, FSR2 in the hypothalamus, pituitary,
and ovary of laying ducks was significantly higher than
in non-laying ducks. This may be because an increase of
estrogen levels in the ovary at the end of the follicular
phase in laying Leizhou black duck may exert a positive
feedback effect on the hypothalamus to trigger a preovu-
latory GnRH surge which in turn excites secretion of
gonadotropins in the pituitary for preovulatory develop-
ment, maturation and oviposition of follicles in the
ovary (Christian and Moenter, 2010; Y. ming Cui et al.,
2019; Zhu et al., 2019). After treating ewes with estra-
diol, there was a significant increase concentration of
GnRH receptor mRNA in the hypothalamus to influence
pituitary gonadotropins (Turzillo et al., 1998). The
expression level of ESR2 in the ovaries of laying Leizhou
black duck in this study was similar to that discovered
in the ovaries of Jingjiang and Shaoxing ducks at
500 days old (Y. Wu et al., 2014). The study showed a
significantly higher expression of ESR2 in duck ovaries
in all 3 laying stages (age at first egg, 180 d, and 500 d).
The level of ESR2 mRNA increased progressively from
age at first egg through to 500 d (Y. Wu et al., 2014). In
7i geese, the expression profile of FSR2 in the ovaries
was unraveled on d 1 and 1, 2, 3, 4, 5, and 8 mo. It was
disclosed that ESR2 was comparatively higher at 1 to 5
and 8 mo than that of d 1 with the greatest expression
level at eight months (Kang et al., 2011). This was simi-
lar to what was discovered in Leizhou black ducks where
ESR2 expression in the ovaries was higher in laying
ducks than non-laying ducks. The highest expression at
a later age indicates that ESR2 plays a vital role in ovar-
ian function, maintenance, and reproduction (Knapc-
zyk-Stwora et al., 2008). ESR2 levels in laying ducks
indicate that FSR2 may play essential roles in the ovary
during follicle development and egg-laying in Leizhou
black ducks (Kang et al., 2011). In prepubertal ducks
(Anas platyrhynchos), the expression of ESR2 in the
ovary at developmental stages (1-day-old, 30-day-old,
60-day-old, and 90-day-old) was elucidated. It was
revealed that ESR2 mRNA increased gradually from D1
to D60 and declined on D90, suggesting that ESR2 may
mediate the physiological role of estrogen in the ovary
and regulate prepubertal follicular development in ducks
(Ni et al., 2007). This signifies that ESR2 is predomi-
nantly expressed in the ovaries, primarily localized in
the granulosa cells of the follicles essential for follicle
development and ovulation (Drummond et al., 2002;
Jefferson et al., 2002; Kazeto et al., 2011). The findings
in this study demonstrate that the ESR2 gene may be a
predominant and important gene found in the ovaries of
Leizhou black duck for egg production.

ESR2 Distribution Pattern in the Oviduct of
Laying and Non-laying Leizhou Black Ducks

The oviduct is a complex and dynamic organ that pro-
vides a convenient biological environment for fertilizing
ovulated oocyte and egg formation. Therefore, it is of
much concern to egg producers as an interruption in its

activities and pathological changes directly affect egg
quality and eventually decrease the economic value of
the eggs (Chousalkar and Roberts, 2008). The oviduct is
divided into 5 parts: infundibulum, magnum, isthmus,
uterus, and vagina, and each has distinctive roles in egg
formation and production. Several hormones, proteins,
and genes have been identified in the oviduct to regulate
the processes and functions of the oviduct in egg forma-
tion and production (Brionne et al., 2014; Hrabia et al.,
2014; Atikuzzaman et al., 2015; Du et al.,, 2015;
Zhao et al., 2016; Rath et al., 2017; Socha et al., 2017).

Herein, we studied the expression pattern of the FSR2
gene in four parts of the oviduct excluding vagina in
both laying and non-laying ducks. In laying ducks,
ESR2 was highly expressed in the infundibulum followed
by the uterus, isthmus, with the least expression in the
magnum. The highest expression in the infundibulum
may be due to the proximity of the infundibulum to the
ovary containing follicles where ESR2 is primarily local-
ized. A study in mice revealed detectable levels of ESR2
in the oviduct (Couse et al., 1997) which is consistent
with the current studies where ESR2 was expressed in
the parts of the oviduct.

In non-laying ducks, ESR2 was expressed in all the
parts of the oviduct studied with the highest expression
in the magnum followed by infundibulum, isthmus, and
uterus. Estrogen is essential in the development of young
and immature laying chicks. A study revealed that estro-
gen injection into sexually immature chicks stimulated
massive growth in the oviduct (Munro and Kosin, 1943;
Seo et al., 2009) and caused an eightfold increase in the
wet gain of the magnum in the first three days of treat-
ment which increased to 40 g in laying hens from 1.58 g
in young chicks (Palmiter and Wrenn, 1971). In Zebra
finch chick, oral administration of estrogen significantly
increased the weight of the oviduct compared to the con-
trol, and oviduct was differentiated such that they had
tubular glands and pseudostratified, ciliated epithelium
(Millam et al., 2002). These findings demonstrate that
estrogens are involved in the proliferation and differenti-
ation of the oviduct. Estrogens execute their functions
by binding to their receptors (Nelson and Habibi, 2013;
Chen et al., 2019); thus, the presence of ESR2 in non-
laying ducks shows that FESR2 regulates proliferation
and differentiation of the oviduct.

Comparatively, ESR2 was highly expressed in all
the parts of the oviduct of laying ducks than non-lay-
ing ducks. Estrogen induces the expression of ovalbu-
min, ovostatin, and pleiotrophin responsible for
oviduct development and egg formation (Lim et al.,
2011), thus the higher levels of ESR2 in laying ducks
than non-laying ducks. In chicken, diethylstilbestrol
(DES), an analog of estrogen regulated and increased
the expression of Alpha 2 macroglobulin (A2M) and
Serine protease inhibitor B12 (SERPINB12) genes
in the oviduct of DES-treated chicks. It was observed
that these genes were highly expressed in the infun-
dibulum, magnum, isthmus, and uterus of DES-
treated chicks compared to control (Lim et al., 2011;
Jo et al., 2014).
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ESR2 Distribution Pattern in
Nonreproductive Organ Systems of Laying
and Non-laying Leizhou Black Ducks

Even though estrogen binding to its receptors plays
pivotal roles in functions of the reproductive system
(Heldring et al., 2007; Carré et al., 2011), we sought to
investigate the expression profile of ESR2 mRNA in 7
different tissues and compare the expression of the gene
in tissues of laying and non-laying Leizhou black ducks.

In this study, the tissue distribution of ESR2 mRNA
expression was similar in both duck groups. The expres-
sion of the FSR2 gene was highest in the spleen, followed
by kidney, lung, liver, heart, breast, with the least
expression in the leg in both duck groups. A previous
study that unraveled the genome-wide transcription in
rats after oral administration of lavender oil revealed
that ESR2 gene was surprisingly one of the key genes
found in the spleen of the rats (Kubo et al., 2015). This
finding indicates that ESR2 plays a function in the
spleen of Leizhou black ducks. The different expression
patterns of ESR2 in different tissues have been shown in
other studies in fish (Socorro et al., 2000; Choi and Hab-
ibi, 2003; Filby and Tyler, 2005; Nishimiya et al., 2017),
rats (Kuiper et al., 1997), mice (Couse et al., 1997), and
yellow perch (Lynn et al., 2008).

Similar to our findings, a study in teleost fish showed
that FSR2 was higher in the kidney than in the liver,
heart, and muscles (Socorro et al., 2000). Contrary to
our study, ESR2 was higher in muscles than in liver and
heart in hagfish (Nishimiya et al., 2017). In female gold-
fish, ESR2 expression in the liver and heart was not sig-
nificantly different (Choi and Habibi, 2003) which
contrasts with what was recorded in female yellow perch
(Lynn et al., 2008) and this study. Contrary to this
study, ESR2 was highly expressed in the liver than in
the spleen and kidney in female yellow perch
(Lynn et al., 2008).

Comparatively, expression of the ESR2 gene was sig-
nificantly higher in all 7 tissues of laying ducks than
non-laying ducks. This may be because laying hens are
in active egg production, regulated by the ovary where
estrogen is primarily located (Carré et al., 2011). Thus
ESR2 mRNA may be linked to function in other tissues
as more estrogens are produced during reproduction.

These results provide theoretical knowledge for the in-
depth study of the related biological functions of the
ESR2 gene and its application at the cellular level. Also,
this study demonstrates a strong association between
the ESR2 gene and egg-laying traits. Therefore, it can
be used as a novel molecular marker for selecting Leiz-
hou black ducks for egg production.

ACKNOWLEDGMENTS

The study was supported by Guangdong Science and
Technology Plan Project (2017A020208066); Provin-
cial-level Major Scientific Research Project in Guang-
dong Province (2017KZDXMO043)

DISCLOSURES

No conflict of interest exists in the submission of this
manuscript, and all authors approve it for publication.
Furthermore, all authors declare that the work described
is original research that has not been published previ-
ously, and is not under consideration for publication
elsewhere, in whole or in part.

REFERENCES

Abdalhag, M. A., T. Zhang, Q. C. Fan, X. Q. Zhang, G. X. Zhang,
J. Y. Wang, Y. Wei, and Y. J. Wang. 2015. Single nucleotide poly-
morphisms associated with growth traits in Jinghai yellow chick-
ens. Genet. Mol. Res. 14:16169-16177.

Alsiddig, M. A., S. G. Yu, Z. X. Pan, H. Widaa, T. M. Badri, J. Chen,
and H. L. Liu. 2017. Association of single nucleotide polymorphism
in melatonin receptor 1A gene with egg production traits in Yangz-
hou geese. Anim. Genet. 48:245-249.

Asiamah Amponsah, C.; K. Zou, L.li Lu, S. W. Zhang, Y. Xue, Y. Su,
and Z. Zhao. 2019. Genetic effects of polymorphisms of candidate
genes associated with ovary development and egg production traits
in ducks. Anim. Reprod. Sci. 211:1-9.

Asiamah, C., Y. Xue, L.-L. Lu, K. Zou, Z. Zhao, and Y. Su. 2020.
Evaluation of growth performance on family breeding of the Leiz-
hou Black Duck: a preliminary study. Vet. Med. Sci 6:500-510.

Atikuzzaman, M., R. M. Bhai, J. Fogelholm, D. Wright, and
H. Rodriguez-Martinez. 2015. Mating induces the expression of
immune- and pH-regulatory genes in the utero-vaginal junction
containing mucosal sperm-storage tubuli of hens. Reproduction
150:473-483.

Bai, D.-P., Y.-Q. Hu, Y.-B. Li, Z.-B. Huang, and A. Li. 2019. Poly-
morphisms analysis of the prolactin gene with egg production
traits in two Chinese domestic ducks. Br. Poult. Sci. 60:125-129.

Barreiro, L. B., G. Laval, H. Quach, E. Patin, and
L. Quintana-Murci. 2008. Natural selection has driven population
differentiation in modern humans. Nat. Genet. 40:340-345.

Barrett, J. C., B. Fry, J. Maller, and M. J. Daly. 2005. Haploview:
analysis and visualization of LD and haplotype maps. Bioinformat-
ics 21:263-265.

Brionne, A., Y. Nys, C. Hennequet-Antier, and J. Gautron. 2014. Hen
uterine gene expression profiling during eggshell formation reveals
putative proteins involved in the supply of minerals or in the shell
mineralization process. BMC Genomics 15:220.

Carré, G. A, 1. Couty, C. Hennequet-Antier, and
M. S. Govoroun. 2011. Gene expression profiling reveals new
potential players of gonad differentiation in the chicken embryo.
PLoS One 6:€23959.

Charlier, C., J. Montfort, O. Chabrol, D. Brisard, T. Nguyen,
A. Le Cam, L. Richard-Parpaillon, F. Moreews, P. Pontarotti,
S. Uzbekova, F. Chesnel, and J. Bobe. 2012. Oocyte-somatic cells
interactions, lessons from evolution. BMC Genomics 13:560.

Chen, C.,; X. Gong, X. Yang, X. Shang, Q. Du, Q. Liao, R. Xie,
Y. Chen, and X. U. Jingyu. 2019. The roles of estrogen and estro-
gen receptors in gastrointestinal disease (Review). Oncol. Lett.
18:5673-5680.

Choi, C. Y., and H. R. Habibi. 2003. Molecular cloning of estrogen
receptor o and expression pattern of estrogen receptor subtypes in
male and female goldfish. Mol. Cell. Endocrinol. 204:169-177.

Chousalkar, K. K., and J. R. Roberts. 2008. Ultrastructural changes
in the oviduct of the laying hen during the laying cycle. Cell Tissue
Res. 332:349-358.

Christian, C. A., and S. M. Moenter. 2010. The neurobiology of pre-
ovulatory and estradiol-induced gonadotropin- releasing hormone
surges. Endocr. Rev. 31:544-577. .

Couse, J. F., J. Lindzey, K. Grandien, J.A. Gustafsson, and
K. S. Korach. 1997. Tissue distribution and quantitative analysis
of estrogen receptor-a (ERa) and estrogen receptor-f (ERB) mes-
senger ribonucleic acid in the wild-type and ERa-knockout mouse.
Endocrinology 138:4613-4621.

Cui, C., S. Han, H. Yin, B. Luo, X. Shen, F. Yang, Z. Liu, Q. Zhu,
D. Li, and Y. Wang. 2019. FOXO3 is expressed in ovarian tissues


http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0017

12 ASTAMAH ET AL.

and acts as an apoptosis initiator in granulosa cells of chickens.
Biomed. Res. Int. 2019:1-9.

Cui, J., Y. Shen, and R. Li. 2013. Estrogen synthesis and signaling
pathways during aging: From periphery to brain. Trends Mol.
Med. 19:197-209.

Cui, Y.ming, J. Wang, Z. Hai-jun, J. Feng, S.geng Wu, and
G.hai Qi. 2019. Effect of photoperiod on ovarian morphology,
reproductive hormone secretion, and hormone receptor mRNA
expression in layer ducks during the pullet phase. Poult. Sci.
98:2439-2447.

Ding, N., Q. Han, X. Z. Zhao, Q. Li, J. Li, H. F. Zhang, G. L. Gao,
Y. Luo, Y. H. Xie, J. Su, and Q. G. Wang. 2015. Differential gene
expression in pre-laying and laying period ovaries of sichuan white
geese (Anser cygnoides). Genet. Mol. Res. 14:6773-6785.

Drummond, A. E., K. L. Britt, M. Dyson, M. E. Jones, J. B. Kerr,
L. O’Donnell, E. R. Simpson, and J. K. Findlay. 2002. Ovarian ste-
roid receptors and their role in ovarian function. Mol. Cell. Endo-
crinol. 191:27-33.

Du, J., M. T. Hincke, M. Rose-Martel, C. Hennequet-Antier,
A. Brionne, L. A. Cogburn, Y. Nys, and J. Gautron. 2015. Identify-
ing specific proteins involved in eggshell membrane formation
using gene expression analysis and bioinformatics. BMC Genomics
16:1-13.

Feng, P., W. Zhao, Q. Xie, T. Zeng, L. Lu, and L. Yang. 2018. Poly-
morphisms of melatonin receptor genes and their associations with
egg production traits in Shaoxing duck. Asian-Australas. J. Anim.
Sci. 31:1535-1541.

Filby, A. L., and C. R. Tyler. 2005. Molecular characterization of
estrogen receptors 1, 2a, and 2b and their tissue and ontogenic
expression profiles in Fathead Minnow (Pimephales promelas)l.
Biol. Reprod. 73:648-662.

Fuentes, N., and P. Silveyra. 2019. Estrogen receptor signaling mech-
anisms. Intracell. Signal. Proteins 116:135-170.

Goraga, Z. S., M. K. Nassar, and G. A. Brockmann. 2012. Quantita-
tive trait loci segregating in crosses between New Hampshire and
White Leghorn chicken lines: 1. egg production traits. Anim.
Genet. 43:183-189.

Gustafsson, J.A. 2003. What pharmacologists can learn from recent
advances in estrogen signalling. Trends Pharmacol. Sci. 24:479-
485.

Hall, J. M., and D. P. McDonnel. 1999. The estrogen receptor B-iso-
form (ERB) of the human estrogen receptor modulates ERa tran-
scriptional activity and is a key regulator of the cellular response
to estrogens and antiestrogens. Endocrinology 140:5566-5578.

Hamilton, K. J., Y. Arao, and K. S. Korach. 2014. Estrogen hormone
physiology: reproductive findings from estrogen receptor mutant
mice. Reprod. Biol. 14:3-8.

Heldring, N., A. Pike, S. Andersson, J. Matthews, G. Cheng,
J. Hartman, M. Tujague, A. Strom, E. Treuter, M. Warner, and
J.A. Gustafsson. 2007. Estrogen receptors: how do they signal and
what are their targets. Physiol. Rev. 87:905-931.

Hrabia, A., A. Leéniak-Walentyn, A. Sechman, and
A. Gertler. 2014. Chicken oviduct—The target tissue for
growth hormone action: effect on cell proliferation and apopto-
sis and on the gene expression of some oviduct-specific pro-
teins. Cell Tissue Res. 357:363-372.

Hu, Y. H., J. P. Poivey, R. Rouvier, S. C. Liu, and C. Tai. 2004. Herit-
abilities and genetic correlations of laying performance in Muscovy
ducks selected in Taiwan. Br. Poult. Sci. 45:180-185.

Huang, J., Y. Su, Y. Liao, H. Wang, Q. Chen, M. Ma, H. Liu, and
Q. Tang. 2014. Observation on behavioral characteristics of Leiz-
hou black duck on tidal flats. J. South. Agric. 45:484-488.

Jefferson, W. N., J. F. Couse, E. Padilla-Banks, K. S. Korach, and
R. R. Newbold. 2002. Neonatal exposure to genistein induces estro-
gen receptor (ER)a expression and multioocyte follicles in the
maturing mouse ovary: evidence for ERS-mediated and nonestro-
genic actions. Biol. Reprod. 67:1285-1296.

Jo, G., W. Lim, S. M. Bae, F. W. Bazer, and G. Song. 2014. Avian
SERPINBI12 expression in the avian oviduct is regulated by estro-
gen and up-regulated in epithelial cell-derived ovarian carcinomas
of laying hens. PLoS One. 9:€99792.

Kang, B., D. M. Jiang, B. Liu, R. J. Zhou, L. Zhen, and
H. M. Yang. 2011. Gene expression profile of estrogen receptor
alpha and beta in the ovaries of Zi Geese (Anser cygnoides). Folia
Biol. 59:135-140.

Kang, L., N. Zhang, Y. Zhang, H. Yan, H. Tang, C. Yang, H. Wang,
and Y. Jiang. 2012. Molecular characterization and identification
of a novel polymorphism of 200 bp indel associated with age at first
egg of the promoter region in chicken follicle-stimulating hormone
receptor (FSHR) gene. Mol. Biol. Rep. 39:2967-2973.

Kassam, S., P. Meyer, A. Corfield, G. Mikuz, and C. Sergi. 2005. Sin-
gle nucleotide polymorphisms (SNPs): history, biotechnological
outlook and practical applications. Curr. Pharmacogenomics
3:237-245.

Kazeto, Y., R. Tosaka, H. Matsubara, S. Ijiri, and S. Adachi. 2011.
Ovarian steroidogenesis and the role of sex steroid hormones on
ovarian growth and maturation of the Japanese eel. J. Steroid Bio-
chem. Mol. Biol. 127:149-154.

Knapczyk-Stwora, K., M. Duda, M. Grzesiak, J. Galas,
M. Koziorowski, and M. Slomczynska. 2008. Expression of estro-
gen receptor at (ER alpha) and estrogen receptor beta (ER beta)
in the ovarian follicles and corpora lutea of pregnant swine.
Domest. Anim. Endocrinol. 35:170-179.

Kubo, H., J. Shibato, T. Saito, T. Ogawa, R. Rakwal, and
S. Shioda. 2015. Unraveling the rat intestine, spleen and liver
genome-wide transcriptome after the oral administration of laven-
der oil by a two-color dye-swap DNA microarray approach. PLoS
One 10:¢0129951.

Kuiper, G. G. J. M., B. Carlsson, K. Grandien, E. Enmark,
J. Haggblad, S. Nilsson, and J.A. Gustafsson. 1997. Comparison of
the ligand binding specificity and transcript tissue distribution of
estrogen receptors and « and B. Endocrinology 138:863-870.

Kulibaba, R. A. 2015. Polymorphism of growth hormone, growth hor-
mone receptor, prolactin and prolactin receptor genes in connec-
tionwith  egg  production in  Poltava clay  chicken.
Sel’skokhozyaistvennaya Biol. 50:198-207.

Li, D. Y., L. Zhang, D. G. Smith, H. L. Xu, Y. P. Liu, X. L. Zhao,
Y. Wang, and Q. Zhu. 2013. Genetic effects of melatonin receptor
genes on chicken reproductive traits. Czech J. Anim. Sci. 58:58—64.

Lim, W., W. Jeong, J. H. Kim, J. Y. Lee, J. Kim, F. W. Bazer,
J. Y. Han, and G. Song. 2011. Differential expression of alpha 2
macroglobulin in response to dietylstilbestrol and in ovarian carci-
nomas in chickens. Reprod. Biol. Endocrinol. 9:137.

Lin, R. L., H. P. Chen, R. Rouvier, and C. Marie-Etancelin. 2016.
Genetic parameters of body weight, egg production, and shell qual-
ity traits in the Shan Ma laying duck (Anas platyrhynchos). Poult.
Sci. 95:2514-2519.

Liu, Z., J. Xue, Y. Luo, Q. Wang, Z. Hong, M. Liang, and
C. Wang. 2019. Effects of dietary energy concentration on
reproductive hormone secretion and gene expression in the
hypothalamus-pituitary-gonad axis in laying geese. Braz. J.
Poult. Sci. 21:1-6.

Lu, L., Y. Xue, C. A. Asiamah, K. Zou, Y. Liu, and Y. Su. 2020.
Evaluation of egg-laying performance, egg quality traits, and
nutritional values of eggs of leizhou black duck. Eur. Poult.
Sci. 84:1-16.

Luan, X., D. Liu, Z. Cao, L. Luo, M. Liu, M. Gao, and X. Zhang. 2014.
Transcriptome profiling identifies differentially expressed genes in
Huoyan goose ovaries between the laying period and ceased period.
PLoS One 9:¢113211.

Luderer, U. 2014. Ovarian toxicity from reactive oxygen species.
Vitam. Horm. 94:99-127.

Lynn, S. G., W. J. Birge, and B. S. Shepherd. 2008. Molecular charac-
terization and sex-specific tissue expression of estrogen receptor «
(esrl), estrogen receptor pBa (esr2a) and ovarian aromatase
(cypl9ala) in yellow perch (Perca flavescens). Comp. Biochem.
Physiol. - B Biochem. Mol. Biol. 149:126-147.

Meng, M., Y. Su, Q. Tang, Q. Chen, J. Huang, and H. Liu. 2014a.
Canonical correlation analysis between body measurements and
slaughter performance in Leizhou Black Ducks. Chinese Agric. Sci.
Bull. 30:33-37.

Meng, M., Y. Su, H. Wang, Q. Tang, Q. Chen, J. Huang, and
H. Liu. 2014b. Study on the quality of Leizhou black duck egg.
Jiangsu Agric. Sci. 42:159-161.

Meng, M., Q. Tang, Y. Su, Q. Chen, and H. Zhang. 2013. Determina-
tion of slaughter performance and meat quality in different sex of
Leizhou black ducks. Chin. J. Anim. Husb. Vet. Med. 40:124-127.

Millam, J. R., C. B. Craig-Veit, M. E. Batchelder, M. R. Viant,
T. M. Herbeck, and L. W. Woods. 2002. An avian bioassay for
environmental estrogens: the growth response of zebra finch


http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0025
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0025
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0030
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0030
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0030
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0030
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0030
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0030
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0033
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0033
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0033
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0035
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0035
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0035
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0035
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0038
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0038
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0038
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0038
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0039
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0039
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0039
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0039
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0040
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0040
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0040
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0040
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0040
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0041
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0041
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0041
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0041
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0041
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0042
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0042
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0042
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0042
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0042
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0042
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0042
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0042
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0043
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0043
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0043
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0043
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0044
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0044
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0044
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0045
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0045
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0045
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0045
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0046
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0046
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0046
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0046
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0047
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0047
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0047
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0047
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0047
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0048
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0048
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0048
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0048
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0049
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0049
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0049
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0049
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0050
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0050
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0051
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0051
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0051
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0051
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0051
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0051
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0052
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0052
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0052
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0052
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0053
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0053
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0053
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0054
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0054
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0054
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0055
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0055
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0055

FUNCTIONS OF ESTROGEN RECEPTOR 2 GENE 13

(Taeniopygia guttata) chick oviduct to oral estrogens. Environ.
Toxicol. Chem. 21:2663-2668.

Mishra, S. K., B. Chen, Q. Zhu, Z. Xu, C. Ning, H. Yin, Y. Wang,
X. Zhao, X. Fan, M. Yang, D. Yang, Q. Ni, Y. Li, M. Zhang, and
D. Li. 2020. Transcriptome analysis reveals differentially expressed
genes associated with high rates of egg production in chicken hypo-
thalamic-pituitary-ovarian axis. Sci. Rep. 10:1-8.

Mohamed, M. M. O., A. H. Shaaban, A. A. I. Hassanin, and
W. A. Husseiny. 2017. Polymorphism of Prolactin gene and its
association with egg production trait in four commercial chicken
lines. J. Hell. Vet. Med. Soc. 68:391-404.

Munro, S. S., and I. L. Kosin. 1943. Dramatic response of the chick
oviduct to estrogen. Poult. Sci. 22:330-331.

Murphy, L. C., H. Dotzlaw, E. Leygue, A. Coutts, and
P. Watson. 1998. The pathophysiological role of estrogen receptor
variants in human breast cancer. J. Steroid Biochem. Mol. Biol.
65:175-180.

Nelson, E. R., and H. R. Habibi. 2013. Estrogen receptor function and
regulation in fish and other vertebrates. Gen. Comp. Endocrinol.
192:15-24.

Ni, Y., Y. Zhou, L. Lu, R. Grossmann, and R. Zhao. 2007. Develop-
mental changes of FSH-R, LH-R, ER-8 and GnRH-I expression in
the ovary of prepubertal ducks (Anas platyrhynchos). Anim.
Reprod. Sci. 100:318-328.

Niknafs, S., A. Nejati-Javaremi, H. Mehrabani-Yeganeh, and
S. A. Fatemi. 2012. Estimation of genetic parameters for body
weight and egg production traits in Mazandaran native chicken.
Trop. Anim. Health Prod. 44:1437-1443.

Nishimiya, O., Y. Katsu, H. Inagawa, N. Hiramatsu, T. Todo, and
A. Hara. 2017. Molecular cloning and characterization of hagfish
estrogen receptors. J. Steroid Biochem. Mol. Biol. 165:190-201.

Niu, X., T. L. Tyasi, N. Qin, D. Liu, H. Zhu, X. Chen, F. Zhang,
S. Yuan, and R. Xu. 2017. Sequence variations in estrogen receptor
1 and 2 genes and their association with egg production traits in
Chinese Dagu chickens. J. Vet. Med. Sci. 79:927-934.

Okat, Z. 2018. Molecular dynamics of estrogen receptors. Eurasian J.
Med. Oncol. 2:189-197.

Oldenbroek, K., and V. D. W. Liesbeth. 2014. Chapter 6: Genetic
diversity and inbreeding. Pages 114—142 in Textbook Animal
Breeding and Genetics.

Palmiter, R. D., and J. T. Wrenn. 1971. Interaction of estrogen and
progesterone in chick oviduct development: III. Tubular gland cell
cytodifferentiation. J. Cell Biol. 50:598-615.

Pan, L., W. Gong, Y. Zhou, X. Li, J. Yu, and S. Hu. 2014. A compre-
hensive transcriptomic analysis of infant and adult mouse ovary.
Genomics Proteomics Bioinforma. 12:239-248.

Rath, N. C., R. Liyanage, S. K. Makkar, and J. O. Lay. 2017. Protein
profiles of hatchery egg shell membrane. Proteome Sci. 15:1-9.

Savegnago, R. P.; S. L. Caetano, S. B. Ramos, G. B. Nascimento,
G. S. Schmidt, M. C. Ledur, and D. P. Munari. 2011. Estimates of
genetic parameters, and cluster and principal components analyses
of breeding values related to egg production traits in a white leg-
horn population. Poult. Sci. 90:2174-2188.

Schmittgen, T. D., and K. J. Livak. 2008. Analyzing real-time PCR,
data by the comparative C(T) method. Nat. Protoc. 3:1101-1108.

Seo, H.-W., K.-J. Park, H.-C. Lee, D.-Y. Kim, Y.-S. Song, J.-M. Lim,
G.-H. Song, and J.-Y. Han. 2009. Physiological effects of diethyl-
stilbestrol exposure on the development of the chicken oviduct. J.
Anim. Sci. Technol. 51:485-492.

Shann-Ren, K., L. Cheng-Yung, C. Yu-Shin, L. Der-Yuh,
H. Tsung-Ping, H. Kuo-Hsiang, and L. Hsiao-Mei. 2018. Genetic
parameters for body weight and egg production traits in Taiwan
native chicken homozygous for the heat shock protein 70 gene.
Asian J. Agric. Biol. 6:396-402.

Shimizu, T. 2016. Molecular and cellular mechanisms for the regulation
of ovarian follicular function in cows. J. Reprod. Dev. 62:323-329.
Socha, J. K., A. Sechman, M. Mika, and A. Hrabia. 2017. Effect of
growth hormone on steroid concentrations and mRNA expression
of their receptor, and selected egg-specific protein genes in the

chicken oviduct during pause in laying induced by fasting. Domest.
Anim. Endocrinol. 61:1-10.

Socorro, S., D. M. Power, P. E. Olsson, and A. V. M. Canario. 2000.
Two estrogen receptors expressed in the teleost fish, sparus aurata:
cDNA cloning, characterization and tissue distribution. J. Endo-
crinol. 166:293-306.

Szenci, O., E. Takacs, J. Sulon, N. M.de Sousa, and
J. F. Beckers. 2006. Evaluation of GnRH treatment 12 days after
AT in the reproductive performance of dairy cows. Theriogenology
66:1811-1815.

Tang, Q., Y. Su, L. Zhang, L. Liu, Q. Chen, M. Meng, J. Huang, and
H. Liu. 2013. Clone and protein function analysis of p94 partial
sequence of Leizhou black duck. Guangdong Agric. Sci. 1:147-153.

Tongsiri, S., G. M. Jeyaruban, S. Hermesch, J. H. J. van der Werf,
L. Li, and T. Chormai. 2019. Genetic parameters and inbreeding
effects for production traits of Thai native chickens. Asian-Aus-
tralas. J. Anim. Sci. 32:930-938.

Turzillo, A. M., T. E. Nolan, and T. M. Nett. 1998. Regulation of
gonadotropin-releasing hormone (GnRH) receptor gene expression
in sheep: interaction of GnRH and estradiol. Endocrinology
139:4890-4894.

Wu, X., M. J. Yan, S. Y. Lian, X. T. Liu, and A. Li. 2014. GH gene
polymorphisms and expression associated with egg laying in mus-
covy ducks (Cairina moschata). Hereditas 151:14-19.

Wu, Y., H. Liang, H. Zhang, J. Pi, A. Pan, J. Shen, Y. Pu, and
J. Du. 2018. The differential expression and SNP analysis of the
ovoinhibitor gene in the ovaries of laying duck breeds (Anas Pla-
tyrhynchos). Braz. J. Poult. Sci. 20:281-286.

Wu, Y., H. W. Xiao, Z. H. Liang, A. L. Pan, J. Shen, J. S. Pi, Y. J. Pu,
J. P. Du, and Z. H. Chen. 2014. Differential expression profiling of
estrogen receptor in the ovaries of two egg duck (Anas platyrhyn-
chos) breeds. Czech J. Anim. Sci. 59:238-243.

Xu, J., X. Gao, X. Li, Q. Ye, E. Jebessa, B. A. Abdalla, and
Q. Nie. 2017. Molecular characterization, expression profile of the
FSHR gene and its association with egg production traits in mus-
covy duck. J. Genet. 96:341-351.

Ye, Q., J. Xu, X. Gao, H. Ouyang, and W. Luo. 2017. Associations of
IGF2 and DRD2 polymorphisms with laying traits in Muscovy
duck. Peer J. 5:4083.

Yeh, F., and T. Boyle. 1997. Population genetic analysis of co-domi-
nant and dominant markers and quantitative traits. Belg. J. Bot.
129:157.

Zhao, J. P.,; Q. Zhang, H. C. Jiao, X. J. Wang, M. J. Jiang, H. Luo,
and H. Lin. 2016. Ovalbumin expression in the oviduct magnum of
hens is related to the rate of egg laying and shows distinct stress-
type-specific responses. J. Anim. Physiol. Anim. Nutr. (Berl).
100:876-883.

Zhao, X., T. Shao, Y. Q. Wang, X. L. Lu, J. B. Luo, and
W. D. Zhou. 2013. The phytoestrogen daidzein may affect repro-
ductive performance of Zhedong White geese by regulating gene
mRNA levels in the HPG axis. Br. Poult. Sci. 54:252-258.

Zhu, G., C. Fang, Jing. Li, C. Mo, Y. Wang, and Juan. Li. 2019. Tran-
scriptomic diversification of granulosa cells during follicular devel-
opment in chicken. Sci. Rep. 9:1-16.

Zhu, Z. M., Z. W. Miao, H. P. Chen, Q. W. Xin, L. Li, R. L. Lin,
Q. Lou Huang, and N. Z. Zheng. 2017. Ovarian transcriptomic
analysis of Shan Ma ducks at peak and late stages of egg produc-
tion. Asian-Australas. J. Anim. Sci. 30:1215-1224.

Zoheir, K. M. A., and R. G. Ahmed. 2012. Patterns of folliculo-
genesis in ducks following the administration of a gonadotro-
pin-releasing hormone 1 (GnRH) analogue. J. Genet. Eng.
Biotechnol. 10:93-99.

Zou, K., C. A. Asiamah, L.li Lu, Y. Liu, Y. Pan, T. Chen, Z. Zhao,
and Y. Su. 2020. Ovarian transcriptomic analysis and follicular
development of Leizhou black duck. Poult. Sci. 99:6173-6187.

Zou, K., J. T. Huang, A. Nawab, L. L. Lu, H. Y. Cui, S. W. Zhang,
Y. Xue, and Y. Su. 2019. Association of LOC101800257 gene with
eggshell color in Leizhou black duck. Thai J. Vet. Med. 49:147—
154.


http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0055
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0055
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0056
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0056
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0056
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0056
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0056
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0057
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0057
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0057
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0057
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0058
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0058
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0059
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0059
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0059
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0059
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0060
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0060
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0060
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0061
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0061
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0061
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0061
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0061
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0062
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0062
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0062
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0062
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0063
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0063
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0063
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0064
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0064
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0064
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0064
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0065
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0065
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0066
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0066
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0066
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0067
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0067
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0067
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0068
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0068
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0068
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0069
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0069
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0070
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0070
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0070
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0070
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0070
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0071
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0071
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0072
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0072
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0072
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0072
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0073
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0073
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0073
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0073
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0073
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0074
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0074
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0075
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0075
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0075
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0075
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0075
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0076
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0076
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0076
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0076
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0077
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0077
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0077
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0077
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0077
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0078
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0078
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0078
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0079
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0079
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0079
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0079
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0080
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0080
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0080
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0080
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0081
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0081
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0081
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0082
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0082
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0082
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0082
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0083
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0083
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0083
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0083
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0084
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0084
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0084
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0084
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0085
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0085
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0085
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0086
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0086
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0086
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0087
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0087
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0087
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0087
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0087
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0088
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0088
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0088
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0088
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0089
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0089
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0089
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0090
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0090
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0090
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0090
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0091
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0091
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0091
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0091
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0092
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0092
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0092
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0093
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0093
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0093
http://refhub.elsevier.com/S0032-5791(21)00651-9/sbref0093

	Polymorphism analysis and expression profile of the estrogen receptor 2 gene in Leizhou black duck
	INTRODUCTION
	MATERIALS AND METHODS
	Animals, Data Collection, and DNA Preparations
	RNA Extraction and cDNA Synthesis
	Primer Design
	SNP Selection of Leizhou Black Duck ESR2 Gene
	Haplotype Analysis of SNPs
	Expression Profile of the Leizhou Black Duck ESR2 Gene
	Statistical, Genotyping, and Association Analyses

	RESULTS
	Polymorphisms of Leizhou Black Duck ESR2 Gene (Genotype Frequency, Allele Frequency, Ne, PIC, and Hardy Weinberg's Law)
	Association Analysis Between SNPs of ESR2 Gene and Egg-Laying Traits of Leizhou Black Duck
	Haplotype Analysis of Single-SNPs of ESR2 Gene of Leizhou Black Duck
	Association of g. 56805646 T&gt;C and Exon 3-20G&gt;A Haplotype Combinations With Egg-Laying Traits
	Expression Profile of ESR2 Gene in Various Tissues of Laying and Non-laying Leizhou Black Ducks

	DISCUSSION
	Genetic Polymorphism of ESR2 Gene
	Association Analysis Between ESR2 Gene Polymorphism and Egg-Laying Traits
	ESR2 Distribution Pattern in the HPG Axis of Laying and Non-laying Leizhou Black Ducks
	ESR2 Distribution Pattern in the Oviduct of Laying and Non-laying Leizhou Black Ducks
	ESR2 Distribution Pattern in Nonreproductive Organ Systems of Laying and Non-laying Leizhou Black Ducks
	DISCLOSURES

	REFERENCES


