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Ovarian transcriptomic analysis and follicular development of
Leizhou black duck
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Zhihui Zhao,2 and Ying Su2

College of Agriculture, Guangdong Ocean University, Zhanjiang 524025, PR China
ABSTRACT This study investigated the factors
that caused the differences in egg production during
the development of ovarian follicles in Leizhou black
ducks. Leizhou black ducks population was divided
into 2 groups as high-yield group (HG) and low-
yield group (LG). The number of eggs (NE), age
at first egg (AFE), weight at first egg, and egg
weight (EW) of both groups were recorded, and
differences were analyzed using the t test. The lo-
gistic model was used to simulate the egg production
curves to analyze the production rules. The ovarian
follicles of both duck groups were collected to count
the number of different grades sized follicles, weigh
the ovaries, and observe follicular sections to analyze
the developmental differences. Ovarian tran-
scriptomic sequencing was performed to investigate
differentially expressed genes and signal pathways in
both duck groups. The results revealed a significant
difference (P , 0.01) in the NE laid, AFE, and EW
between both groups. Comparatively, HG had
significantly more (P , 0.01) large yellow follicles
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(LYF) than LG. The density of medullary layer cells
of the follicle section was greater in HG than LG
ducks. Transcriptome sequencing revealed a total of
1,027 differentially expressed genes between the HG
and LG ducks of which 495 genes were upregulated,
and 532 genes were downregulated. Fifty genes were
related to reproduction and reproductive processes.
Kyoto Encyclopedia of Genes and Genomes–enriched
signaling pathways revealed 274 signal pathways
enriched in these differentially expressed genes of
which the steroid biosynthesis pathway was signifi-
cantly enriched. Analysis (Q , 0.05) showed that
HSD3b / gonadotropin-releasing hormone (GnRH)
and estrogen receptor (ESR) / LHb/ERK1/2 were
enriched in the steroid biosynthesis signal pathway.
Follicle-stimulating hormone signal pathway medi-
ated by HSD3b / GnRH and ESR / LHb/ERK1/
2 may be involved in ovarian follicle development to
regulate LYF reserve process and affect its ovulation
cycle, which in turn influence the egg production of
Leizhou black ducks.
Key words: laying traits, Leizhou black duc
k, ovarian follicles, transcriptome sequencing
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INTRODUCTION

The ovary, the female reproductive organ, has in
recent times gained much attention in research as it pro-
duces and releases eggs. It also functions as an endocrine
gland for female hormones production and discharge.
Therefore, duck breeders in recent times have aimed at
the ovary to explore and examine egg production and
differentially expressed genes (DEG) that regulate egg
production (Zhu et al., 2017; Asiamah Amponsah
et al., 2019). The functional unit of the ovary is the
ovarian follicles which contain oocytes that may be ovu-
lated, fertilized to form an embryo that has been used as
a study material to enhance reproduction in poultry
(Wu et al., 2016a; Han et al., 2016; Gan et al., 2017;
Zhu et al., 2017; Cui et al., 2019; Shen et al., 2019).
The development process of poultry ovarian follicles un-
dergoes a series of complex processes which include
recruitment, selection, dominance, growth, and matura-
tion before ovulation (Regan et al., 2018a). Studies have
shown that the process from poultry follicle collection to
ovulation is in a strict hierarchical order, and the follic-
ular reserve at each stage may affect the ovulation cycle
and ultimately affect egg production (Johnson, 2015;
Regan et al., 2018b; Ghanem and Johnson, 2018).
Ovarian follicular development and ovulation are
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regulated by hypothalamic (gonadotropin-releasing hor-
mone, GnRH) and pituitary (follicle-stimulating hor-
mone, FSH and luteinizing hormone, LH) hormones
(Shimizu, 2016).

The development of genomic and transcriptomic
studies of the ovaries has aided to expound mechanisms
underlying reproductive physiology and to identify DEG
in the ovary. Several studies have been done to identify
specific ovarian genes in livestock such as cattle, sheep,
goats, yaks, and pigs (Lan et al., 2014, 2016; Chen
et al., 2015; Zhang et al., 2015; Zhao et al., 2015; Miao
et al., 2016) and poultry (Luan et al., 2014; Ding et al.,
2015; Tao et al., 2017; Zhu et al., 2017). In Jinding ducks
ovary, 5 of the DEG, melanocortin 5 receptor, apolipo-
protein D, ORAI calcium release-activated calcium
modulator 1, dual-specificity tyrosine-(Y)-phosphoryla-
tion regulated kinase 4, and G protein–regulated inducer
of neurite outgrowth 2 were confirmed to significantly
play roles in reproductive activities and egg production
(Tao et al., 2017). Again, in Shan Ma ducks, DEG iden-
tified in the ovary were involved in the GnRH signaling,
insulin signaling, and transforming growth factor-beta
(TGF-b) signaling, which collectively is important for
physiologic and reproductive activities (Zhu et al.,
2017).

Therefore, this study analyzed the follicular develop-
ment of Leizhou black ducks and ovarian transcriptome
sequencing to explore the regulatory and molecular
mechanism affecting egg production traits in Leizhou
black ducks and provide a theoretical basis for molecular
breeding of Leizhou black ducks.
Figure 1. Processes of sequencing.
MATERIALS AND METHODS

Test Materials

The Leizhou black ducks used in this experiment were
obtained from Zhanjiang Hengcheng Breeding Coopera-
tive and given the same feeding conditions and nutri-
tional levels. One hundred thirty female ducks of the
same generation, size, and health status were randomly
selected in a single cage. Using the week as the unit,
the number of eggs (NE) produced was counted from
16 wk to 43 wk to group the ducks in high and low pro-
duction groups. The average number of eggs of each
Leizhou black duck is 122.2. Those which produced
eggs .150 were defined as high-yield group (HG),
whereas those with ,90 eggs were defined as low-yield
group (LG). The number of eggs (NE), age at first egg
(AFE), weight at first egg (WFE), and egg weight
(EW) of both groups were recorded. The ovarian tissues
of 4 each of HG and LG at 43 wk were collected, weighed,
sectioned, and follicular differences were analyzed. Three
HG and 2 LG ovarian medulla layers were collected to
construct gene pools for transcriptome sequencing
analysis.

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

Analysis of Laying Rules The NE, AFE, WFE, and
EW were recorded for HG and LG ducks, and the differ-
ences were analyzed by the t test. The logistic model was
used to simulate egg production curves of HG and LG to
analyze the egg production characteristics of the 2
groups with the formula: y 5 A2 1 (A1-A2)/(11 (x/
x0)^p) (in the equation, the egg production period 16–43
wk is corresponding to 1–28 wk).
Figure 2. Database construc
Analysis of Ovarian Follicles The ovarian paren-
chyma masses were separated from the follicles and
compared between the 2 duck groups, and the ovarian
cell development was compared using a microscope. Ac-
cording to the follicle diameter, the follicles of different
grades were divided, the developmental differences of
both duck follicles were analyzed, and the egg produc-
tion characteristics of Leizhou black duck were inferred
based on the egg production curve characteristics. Folli-
cle grade classification criteria were as follows: small
white follicle (SWF): ,4 mm, large white follicle
tion principle of sequencing.

mailto:Image of Figure 2|eps


Table 1. Nucleotide sequences of primers used for qRT-PCR amplification.

Gene Sequence (50-30) Product length (bp) Annealing temperature (�C) Accession ID

DIAPH2 F:AACAGCTACGAACACAGGCT 207 59.7 XM_027465243.1
R:TAAGCGGCAGCGAAGGTAG

KMT2E F:AGTGAAACGTGCAGGGTCAT 170 59.9 XM_027463760.1
R:CAGCCGCTCATCCAAAAAGG

KSR1 F:ACTGAGTCAGGTGGGGAGTT 217 59.5 XP_015736661.1
R:AGGTCCATGACTGGAGGAGA

ESR2 F:CAGTGCTACCTGTGACCAGA 168 60.0 XM_021274553.2
R:TGCAGCCTTCACATGACCAG

ASCF2 F:TATGGTGGACTCCAAGCTGC 215 59.5 XP_012951750.1
R:TTTCGCCAATGATGTTGCCA

A2M F:ACAGTTAGCCTGGAAGAGCG 176 59.5 XM_027449874.1
R:TCCTGAATAGCAATCAAGGGGT

BMPR1B F:TTAGAGGGCTCGGACTTCCA 128 59.9 XM_013104107.3
R:CGATTTTTCAGCGGAGGCAG

ACVR1 F:GTCAGGCTTGCTGGCCC 162 60.3 XM_005027629.4
R:AACGATCTCCGTTCCCACAG

b-actin F:CGCAAATGCTTCTAAACC 167 55.9 NM_001310421.1
R:AGACTGCTGCTGATACCTT
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(LWF): 4.49 6 0.43 mm, small yellow follicle (SYF):
5.81 6 0.37 mm, large yellow follicle (LYF):
6.94 6 0.29 mm, F6: 10.63 6 0.88 mm, F5:
14.11 6 0.61 mm, F4: 17.33 6 1.13 mm, F3:
24.31 6 1.24 mm, F2: 30.70 6 1.42 mm, and F1:
34.34 6 0.44 mm. The ovarian follicles were rinsed in
normal saline, quickly placed in 10% formaldehyde fixa-
tive, and stored at room temperature for 48 h. After fix-
ation, washing, dehydration, clearing, wax dipping and
embedding, sectioning, spreading, sticking, and sealing
after drying and staining were performed, ovarian follicle
sections were observed with an optical microscope.
Transcriptome Sequencing

Sequencing Methods and Analysis Methods The
medullary layer of the ovarian tissues of both HG and
LG ducks were collected and stored in liquid nitrogen
and dry ice and transported to Guangzhou Gidio Gene
Table 2. Egg production performance betwee

Ducks

NE AFE

LG HG LG HG

1 62 150 151 106
2 71 150 132 105
3 71 152 125 105
4 72 153 123 105
5 72 153 143 101
6 77 154 116 101
7 83 154 146 100
8 84 154 143 98
9 85 155 146 102
10 86 156 144 106
11 87 157 138 106
12 88 162 144 103
13 89 164 138 101
14 164 103
15 164 104
16 166 103
17 168 97
Average 79 154.9231 137.6154 103
P-value 1.13839E-22** 1.65474E-13**

** indicate difference is significant (P , 0.01), P
Abbreviations: AFE, age at first egg; EW, egg

group; NE, number of eggs; WFE, weight at first e
Denovo for transcriptome sequencing. The sequencing
platform used Illumina HiSeq2500, and the Fold Change
of the difference analysis was P , 0.05. The experi-
mental process and database construction method are
shown in Figures 1 and 2, and the subsequent analysis
was performed according to (Li et al., 2017).
Gene Ontology Classification and Kyoto
Encyclopedia of Genes and Genomes
Pathway Analysis of the Differentially
Expressed Genes

For gene ontology (GO) database, Blast2GOwas used
to determine and compare the functions of the DEG
(Conesa et al., 2005; G€otz et al., 2008). The Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways were
assigned to classify unigenes using the online KEGG
Automatic Annotation Server (http://www.genome.
n HG and LG.

WFE EW

LG HG LG HG

1275.4 1406.8 55 55.6
1444.8 1236.6 43.4 46.4
1275.4 1259.2 57.7 38.5
1244.2 1506.2 46 48.1
1407.6 1398.2 61.5 63.5
1241.8 1157.6 63.6 37
1316.4 1558.4 59.3 47.4
1242.8 1201.2 53.5 30.5
1500.2 1191.4 62.8 49
1217.2 1071.8 52.4 52.8
1495.4 1230.2 59.9 49.9
1207.9 1421.2 53.2 46.2
1422.2 1369.8 64.7 51.8

1352.2 45.6
1008.8 44.9
1339.6 61.6
1370.2 63.2

1330.1 1308.354 56.38462 47.43846

0.525363398 0.017840088**

-value for LG vs. HG.
weight; HG, high-yield group; LG, low-yield

gg.

http://www.genome.jp/kegg/kaas/


Figure 3. The logistic model of the egg-laying curve between HG and LG. Abbreviations: HG, high-yield group; LG, low-yield group.
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jp/kegg/kaas/) (Kanehisa et al., 2008). In all tests, P-
values were calculated using the Benjamini-corrected
modified Fisher’s exact test, and significant differences
were set at P-values , 0.05.
Real-Time Quantitative Polymerase Chain
Reaction Analysis

To validate the transcriptome sequencing results, 8
DEG were selected at random and detected by real-
time quantitative PCR. NCBI-Primer Blast tool was
employed to design the quantitative primers according
to the gene accession number. The primer sequences
are presented in Table 1. Quantitative b-actin was
used as the internal reference gene. The reaction system
was 10 mL ChamQTM SYBR qPCR Master Mix (1! ),
0.4 mL PCR Forward Primer (0.4 mM), 0.4 mL PCR
Reverse Primer (0.4 mM), 0.4 mL ROX Reference Dye
(1 ! ), 2.0 mL cDNA, 6.8 mL ddH2O, total volume
20 mL. Reaction program: 94�C, 35 s; (94�C, 20 s;
Figure 4. Ovarian parenchymal mass. Abbreviations: HG, high-yield
group; LG, low-yield group.
57�C, 35 s; lighting; 72�C, 25 s) 40 cycles; 95�C, 15 s;
60�C, 1 min; 95�C, 15 s.
Western Blot Analysis

To further screen the candidate genes related to reproduc-
tion, DEG related to reproduction, estrogen receptor 2
(ESR2) and bone morphogenetic protein receptor beta
(BMPR1B) were selected to performWestern blot tests. The
primary antibodies were from mouse ESR2 and BMPR1B,
and the secondary antibodies were from mouse IgG. For spe-
cific methods of blotting, refer to (Riaz et al., 2019).
RESULTS

Analysis of Laying Rules

The egg production performance of 13 LG and 17 HG
ducks showed that the average NE, AFE, WFE, and
EW were respectively 79, 137.6154, 1330.1, and
Figure 5. The number of different follicles between HG and LG.
Note: ** indicates the difference is significant (P, 0.01). Abbreviations:
AF, atresia follicles; GF, grade follicles; HG, high-yield group; LG,
low-yield group; LWF, large white follicles; LYF, large yellow follicles;
SYF, small yellow follicles.

http://www.genome.jp/kegg/kaas/
mailto:Image of Figure 3|tif


Figure 6. Ovarian follicle anatomy of HG and LG. The red arrow shows selected LYF from the LYF reserves. Abbreviations: F, follicles; H1-H4,
high yield ducks 1-4; HG, high-yield group; L1-L4, low yield ducks 1-4; LG, low-yield group; LWF, large white follicles; LYF, large yellow follicles;
SWF, small white follicles; SYF, small yellow follicles.
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56.38462 for LG and 154.9231, 103, 1308.354, and
47.43846 for HG. The NE, AFE, and EW of HG ducks
were significantly different (P, 0.01) from those of LG
ducks (Table 2).

As shown in Figure 3, the HG and LG logistic model
expressions are y 5 69.8/(11 (x/3.6)^4.1) (R2 5 0.66)
and y5 1.6/(11 (x/7.1)^3.7) (R2 5 0.98), respectively.
The results showed that the growth period, stable period
(high yield period), and inflection point of HG ducks
were 16 to 20 wk, 21 to 42 wk, and 20 wk, respectively,
with a slight downward trend at 43 wk. In LG ducks,
the growth period, high yield period, and the inflection
point were 17 to 28 wk, 29 to 43 wk, and 28 wk, respec-
tively (Figure 3). Comparatively, the egg production
rate of HG from 16 to 43 wk was higher (P , 0.01)
with a shorter growth period than LG. The duration of
the high production of HG (22 wk) was longer than
that of LG (15 wk).
Differential Analysis of Ovarian Follicles

Comparison of Parenchymal Quality and Quantity
of HG and LG Ovaries Comparing the ovarian paren-
chymal mass, the average mass of HG ovarian paren-
chyma was higher than that of LG (Figure 4), but the
difference was not significant (P . 0.05). The difference
in ovarian parenchymal mass between the 2 groups in-
dicates that the stability of LG ovaries during develop-
ment may be lower than that of HG. Based on the
anatomy of HG and LG ovaries and the statistics of the
number of follicles in different grades (Figure 5), the
results showed that both HG and LG have grade



Figure 7. Section map of HG and LG ovarian follicles. Note: Triangle shape denotes secondary follicles. The red line is an approximate junction,
below it is the cortex region, and above is the medullar region. Abbreviations: HG, high-yield group; LG, low-yield group.
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follicles, LYF, SYF, LWF, and SWF, atretic follicles,
and follicular atresia occurred in grade follicles (F5-F4).
The number of LYF in HG was significantly higher
(P , 0.01) than LG. The results of the anatomical map
(Figure 6) showed that among the reserves of LYF, the
selected LYF (see arrow in Figure 6) has the advantage
of preferential development. Its size is slightly larger
than LYF but smaller than F6, and its yolk color is
significantly different from other LYF, and LYF selec-
tion also occurred before F1 ovulation. Combining the
characteristics of the egg production curve, it is specu-
lated that the reserve of LYF may be an important
factor that causes the number of eggs of Leizhou black
ducks to vary.
Comparison of Ovarian Follicular Sections between
HG and LG In this study, HG and LG ovary sections
were observed (Figure 7). It can be seen that the den-
sity of medulla cells in the HG medullary layer unit area
of the ovary cortex and medulla is greater than that of
LG. The number of secondary follicles in HG was
significantly higher than that in LG.

Ovarian Transcriptome Sequencing
Analysis

Sequencing Data Statistics A total of 5 ovarian tissue
of HG and LG transcriptome libraries were constructed
(Table 3). To ensure the quality of the data, quality
control and filtering were performed on the data, and
high-quality clean reads were obtained by removing
connector-containing reads and low-quality reads. The
Table 3. Sequencing data reads and comparison rate stati

Sample Total reads Unmapped reads Unique mapp

L1 972,500,64 18087600 (18.60%) 78531126 (8
L2 972,547,76 17760970 (18.26%) 78891260 (8
H1 956,274,54 17418028 (18.21%) 77627662 (8
H2 912,164,14 16110032 (17.66%) 74573840 (8
H3 106,386,128 19502696 (18.33%) 86149258 (8
Q20 and Q30 were both greater than 94%, and the GC
content was greater than 44%. Finally, 50 Gb of Clean
Data was obtained, each sample was about 10 Gb, and
the comparison rate between each sample and the
reference genome (Anas platyrhynchos) exceeded 81%
(Table 3). The sequence saturation of the 5 samples was
above 90%, and their random distributions were
consistent with the normal distribution. The analysis of
the above sequencing data shows that the quality of the
data is reliable and can be analyzed in the next step.
Differential Gene Screening Through statistical
analysis of the expression results of all mRNA tran-
scripts sequenced from 5 ovarian tissue samples from
the 2 duck groups (Figures 8 and 9), 39,904 tran-
scripts were expressed, of which 31,937 (80.03%) were
known transcripts and 9,710 new transcripts. In HG
ducks, 30,236 (75.77%) transcripts were known with
9,143 new transcripts, and in LG ducks, 28,711
(71.95%) were known transcripts with 8,615 new
transcripts. A total of 1,027 genes were differentially
expressed between the HG and LG groups, out of
which 532 genes were downregulated and 495 genes
were upregulated (Figure 8). Among the 1,027 DEG,
155 were related to duck development, and 25 related
to reproductive performance. The DEG related to
reproduction included prolactin receptor (PRLR),
ESR2, BMPR1B, RNA helicase Mov10l1, septin-4
isoform X4, activin receptor type-1 isoform X1, disks
large homolog 1 isoform X15, nucleoside diphosphate
kinase homolog 5 isoform X1, ovomucoid
(LOC101798642), ovostatin (LOC101801176),
stics.

ed reads Multiple mapped reads Mapping ratio (%)

0.75%) 631338 (0.65%) 81.40
1.12%) 602546 (0.62%) 81.74
1.18%) 581764 (0.61%) 81.79
1.75%) 532542 (0.58%) 82.34
0.98%) 734174 (0.69%) 81.67



Figure 8. Statistics of differentially expressed genes.

Figure 9. Volcano map of differentially expressed gene.
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ovalbumin-related protein Y-like (LOC101802317),
and others (Table 4).
Functional Enrichment Analysis of Differentially
Expressed Genes To further analyze the biological
functions of 1,027 DEG, functional enrichment analysis
of the DEG was performed using Blast2GO. The results
exhibited that the DEG were involved in 51 biological
functions, of which 24 (47%) are for biological processes,
17 (33%) for cellular components, and 10 (20%) for mo-
lecular functions (Figure 10). In biological processes, the
DEG between the 2 groups accounted for the largest
proportion of cellular processes. Cells and cell parts ac-
count for the largest proportion of cell functions. In
molecular function, differential genes accounted for the
highest proportion of binding. It can be seen from the red
line in Figure 10 that in the biological processes related
to duck breeding, 25 DEG are involved in reproduction,
25 DEG in the reproductive process, and 155 DEG in the
developmental process.
Table 4. Detailed information on 18 upregulated and downregulated

Gene ID Gene name Log2 fold change P-value Up/

XM_005020857.4 MOV10L1 10.52160044 2.42024E-05
XM_005025066.4 KITLG 10.16323035 0.000658319
XM_027446002.1 SEPTIN4 9.076815597 0.028012697
XM_027459894.1 NEURL1 8.395177077 0.032304708
XM_027460138.1 PLEKHA1 11.49018234 0.015183216

XM_021274553.2 ESR2 9.409390936 0.013866488
XM_005027629.4 ACVR1 28.471675214 0.022375246
XM_013097218.3 BBS4 27.936637939 0.044748637
XM_013104107.3 BMPR1B 28.276124405 0.038425964

XM_021268752.2 DLG1 28.696967526 0.036312672
XM_027455561.1 PLCB1 29.103287808 0.027094995

XM_027468487.1 NME5 29.33315535 0.047456583
XM_027469909.1 CIT 24.584962501 0.013212023
XM_027470906.1 STRBP 28.906890596 0.015474849

NM_001310400.1 PRLR 210.53138146 1.14591E-07
XM_005027912.4 LOC101798642 25.045073075 2.97012E-06
XM_027449874.1 LOC101801176 212.89462832 6.47574E-07
XM_027451683.1 LOC101802317 210.7368247 4.37836E-06

Abbreviations: HG, high-yield group; LG, low-yield group.
For further annotation of the main biochemical
metabolic pathways and signaling pathways of these
DEG, KEGG was employed to analyze the pathway
of the DEG. As shown in Figure 11, 274 signal path-
ways were enriched in these DEG. The pathways
involved in reproductive performance included estro-
gen signaling pathway, ovarian steroidogenesis, and
GnRH signaling pathway. To obtain more valuable
reference pathways, differential signal pathways were
enriched again with Q , 0.05 as the significant condi-
tion, and 11 signal pathways were enriched. The
DEG signal pathways between groups are shown in
Figure 12, according to the top 20 significant differ-
ences. The differential gene enrichment analysis was
differentially expressed genes.

Down (LG/HG) Gene description

Up RNA helicase Mov10l1
Up Kit ligand isoform X3
Up Septin-4 isoform X4
Up E3 ubiquitin-protein ligase NEURL1 isoform X2
Up Pleckstrin homology domain-containing family A

member 1 isoform X4
Up Estrogen receptor beta

Down Activin receptor type-1 isoform X1
Down Bardet-Biedl syndrome 4 protein isoform X1
Down Bone morphogenetic protein receptor type-1B,

partial
Down Disks large homolog 1 isoform X15
Down 1-phosphatidylinositol 4,5-bisphosphate

phosphodiesterase beta-1 isoform X2
Down Nucleoside diphosphate kinase homolog 5 isoform X1
Down Citron Rho-interacting kinase, partial
Down Spermatid perinuclear RNA-binding protein isoform

X1
Down Prolactin receptor
Down Ovomucoid
Down Ovostatin
Down Ovalbumin-related protein Y-like



Figure 10. GO analysis of differentially expressed genes. Abbreviations: GO, gene ontology; HG, high-yield group; LG, low-yield group.
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Figure 11. KEGG annotation statistics of differential expressed gene. Abbreviation: KEGG, Kyoto Encyclopedia of Genes and Genomes.
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performed with Q , 0.05 as the significant condition,
and a steroid biosynthesis pathway (HSD3b /
GnRH, ESR / LHb/ERK1/2) directly related to
reproduction was enriched. HSD3b / GnRH, ESR
/ LHb/ERK1/2 jointly mediated the key signaling
pathway, FSH that may affect the egg production dif-
ferences of Leizhou black duck (Figure 13). These DEG
may be involved in ovarian follicular development and
ovulation during hormone regulation.
Differential Gene Screening and Verification The
results from qPCR of the 8 randomly selected DEG
(Figure 14) from transcriptomic sequence data
revealed that the expression trend of the 8 genes was
consistent with the transcriptome sequencing data,
indicating that the transcriptome sequencing data had
high accuracy. The Western blot results showed that
both ESR2 and BMPR1B proteins were expressed in
the ovarian tissue of Leizhou black duck (Figure 15).
The expression of ESR2 protein was significantly
higher in HG than LG, whereas the expression of
BMPR1B proteins was higher in LG than HG, which
were consistent with the mRNA expression trend
(Figure 14).
DISCUSSION

Analysis of Egg-Laying Traits and Ovarian
Follicles of HG and LG Ducks

Egg production is an important indicator of
measuring the economic traits of poultry. Studies have
shown that egg production in poultry is directly influ-
enced by ovarian follicular development. Based on previ-
ous studies, mature Leizhou black ducks are similar to
chickens in the number of follicles, but the start of
production is earlier than chickens, and the number of
eggs produced by different individuals is very different
(Zou et al., 2019). In this study, a comparison of the
egg production traits of LG and HG showed that AFE,
EW, and NE were significantly different between the 2
duck groups. The egg production curve results showed
that the start period of HG is significantly earlier than
that of LG. The difference in egg production between
the 2 groups is mainly reflected in the egg production
rate of HG at 16 to 43 wk was significantly higher than
that of LH (P , 0.01). High-yield group had a signifi-
cantly shorter growth period than LG (P , 0.05). A
study in different breeds of geese with significantly
different egg production showed that the histological
characteristics of high and low egg-laying geese were
mainly because of the number of follicles and the granule
cell thickness of LYF, which were closely related to LH
and FSH. That is, the greater the number of follicles
and the thicker the LYF granular cells, the higher the
egg production (Yang et al., 2019). Transcriptome anal-
ysis revealed that the differences in the development of
ovaries and follicles may be closely related to the ovarian
steroid synthesis pathway, including StAR, CYP17,
HSD3B, etc. causing differences in egg-laying (Ren
et al., 2019).
The reserve of HG in LYF follicles was higher

than that of LG (P , 0.01). Observation of ovarian
follicle sections revealed that the density of medulla
cells per unit area of the HG medullary layer in the
ovarian cortex and medulla was greater than LG
and that the number of secondary follicles in HG
was significantly higher than LG. Egg-laying traits
are related to the onset period, which is regulated
by ovarian follicular development, that is, the speed
of ovarian maturity determines its onset period.



Figure 12. KEGG enriched significant bubble map between HG and LG. Abbreviations: HG, high-yield group; KEGG, Kyoto Encyclopedia of
Genes and Genomes; LG, low-yield group.
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After the ovary matures in poultry, the ovulation
mechanism is based on a strict hierarchical order
(F6-F1). After F1 ovulation, a follicle is selected
from LYF to replace F6. The yolk material in the
selected LYF follicle is quickly deposited for grade
follicular development (Diaz et al., 2011). As an
important reserve follicle that develops into grade
follicles, LYF development and recruitment may
affect the ovulation cycle of poultry (Chen and
Jiang Xun Ping, 2006). Studies have also shown
that the degradation of poultry follicles mainly oc-
curs in the primitive follicular stage. After matura-
tion of the ovary, the recruited SWF, LWF, SYF,
and LYF have a high probability of entering the
grade follicular stage (Braw-Tal, 2002; Johnson,
2015; Ghanem and Johnson, 2018). Therefore, the
egg production within 43 wk of Leizhou black duck
may be related to the maturation speed of ovarian
follicles, and the difference in egg production rate
between HG and LG may be directly related to
the number of LYF follicle reserves. Also, at
43 wk, the egg production rate of HG showed a
downward trend, and LG remained stable. This phe-
nomenon may have a certain relationship with the
50 wk Leizhou black duck during molting. The molt-
ing period of HG appears earlier, that is, the contin-
uous high yield of HG may have a certain effect on
the development of the body (Hanguang, 2016).
Therefore, it is undeniable that without a specific
time limit, the number of eggs produced by LG
may not be lower than that of HG, and its specific
mechanism remains to be further studied.
Analysis of Differentially Expressed Genes
Between HG and LG

In recent years, transcriptomic sequencing technology
has been widely used in research in different fields,



Figure 13. Signaling pathway of FSH. Abbreviation: FSH, follicle-stimulating hormone.
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providing a convenient way to further explore the molec-
ular mechanism between HG and LG. Ovarian tran-
scriptomic studies in ducks help to reveal DEG related
to egg production to elevate the breeding of higher
egg-laying ducks to meet higher human demands and
improve economic efficiency (Colonello-Frattini and
Hartfelder, 2009; Zeng et al., 2015; Zhu et al., 2017). In
this study, a total of 1,027 DEG were found between
HG and LG ducks with 532 downregulated genes and
495 upregulated genes. To validate the accuracy of the
transcriptomic sequencing data, 8 of the DEG were
randomly selected for quantitative fluorescence verifica-
tion from the original tissue which proved that the 8
genes were consistent with the transcriptome sequencing
data.

Western blot analysis showed that both ESR2 and
BMPR1B proteins were expressed in the ovarian tissues
with significant expressions in HG and LG respectively.
Genes that are highly expressed in reproductive cells or
tissues may also indicate that the genes are activated as
shown in previous studies (Gan et al., 2015; Zhang
et al., 2015; Tao et al., 2017; Zhu et al., 2017). Thus,
in our study, we identified 25 DEG related to reproduc-
tion in the ovaries of HG and LG ducks which included
PRLR, ESR 2, BMPR1B, and others which may be
involved in ovarian follicle development and may influ-
ence egg production. Prolactin and its receptor in
poultry regulate follicle development and egg
Figure 14. Fluorescence quantification to verify the expression of
differentially expressed genes in transcriptome. Abbreviations: HG,
high-yield group; LG, low-yield group.
production and induce brooding behavior (Reddy
et al., 2002; Wang et al., 2011; Yadav et al., 2018;
Asiamah Amponsah et al., 2019). Other studies
revealed that polymorphism in the PRL gene indicated
PRL might be a candidate gene that influences egg-
laying traits and reproduction in ducks (Wang et al.,
2011; Chuekwon and Boonlum, 2017; Bai et al.,
2019). Estrogen receptor 2 has been studied to play vi-
tal roles in the ovary during egg-laying stages and may
be closely related to laying performance in ducks and
may regulate key genes in granulosa cells essential for
follicle maturation and ovulation (Wu et al., 2014;
Khristi et al., 2018). Bone morphogenetic protein recep-
tor beta is a member of the TGF-b superfamily which is
firstly expressed in primordial follicles on the oocyte
and granulosa cells of primary follicles throughout folli-
culogenesis (Regan et al., 2018a; Abdurahman et al.,
2019; Zhang et al., 2019).
GO and KEGG Analysis of the DEG

To further explore the biological functions of the
DEG, GO annotation and KEGG analysis were per-
formed. From the GO analysis, the results exhibited
that the DEG were assigned to 17 GO categories under
cellular components of which “cell” and “cell part”
accounted for the largest proportion followed by “organ-
elle”, “membrane”, “organelle part”, and “membrane
part”. This result indicates that genes involved in phys-
iological activities of Leizhou Black ducks ovary are
not only present in the cells but also on the membranes,
which conforms to studies on the ovarian transcriptomes
of Shan Ma ducks, Jinding ducks and Yaks (Lan et al.,
2014; Tao et al., 2017; Zhu et al., 2017) suggesting
Figure 15. The results of Western blot between ESR and BMPR1B.
Abbreviations: BMPR1B, bone morphogenetic protein receptor beta;
ESR, estrogen receptor; HG, high-yield group; LG, low-yield group.
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that the cell membrane plays an essential role in repro-
duction and physiologic activities of the ovary. Gene
ontology analysis results revealed that the DEG also
involved in 10 categories in the molecular function of
which the largest proportion was “binding” followed by
“catalytic activity”. Previous studies have shown that a
high percentage of proteins expressed in oocytes were
binding proteins which suggest that binding proteins
play significant roles in ovarian physiologic and repro-
ductive activities (Mamo et al., 2011; Regassa et al.,
2011; Zhu et al., 2017). Gene ontology analysis results
exhibited that the DEG were also assigned to 24 cate-
gories under biological processes of which “cellular pro-
cess” had the largest proportion followed by “single
organism process”, “metabolic process”, and “biological
regulation”. Also, there were 155 genes related to the
developmental process and 25 genes each associated
with reproduction and reproductive process. This im-
plies that the development and reproductive related
genes play different roles in HG and LG Leizhou black
duck egg production which is consistent with studies in
Shan Ma and Jinding ducks (Tao et al., 2017; Zhu
et al., 2017). The GO analysis results were similar to pre-
viously reported studies in the ovaries of Shan Ma and
Jinding ducks (Tao et al., 2017; Zhu et al., 2017).
To further comprehend and better annotated the

DEG to ascertain the main metabolic and signaling
transduction pathways the genes are involved, KEGG
pathway enrichment analysis was performed. The
outcome presented 274 signal pathways were enriched
in these DEG of which the steroid biosynthesis pathway
was the most enriched. The steroid biosynthesis
pathway is known as an important target for
endocrine-disrupting chemicals that impair reproduc-
tion (Sanderson, 2006). Ovarian steroid hormones such
as estrogens (ESR) play an important signaling role in
the female reproductive system and ensure normal follic-
ular development by regulating the dynamic balance of
follicular growth and development hormones (Findlay
et al., 2009; Vrta�cnik et al., 2014; Wu et al., 2014;
Khristi et al., 2018; Prasasya and Mayo, 2019). In this
study, ESR 2 was significantly higher in HG than LG
ducks which may contribute to higher egg-laying perfor-
mance in HG ducks. Follicle stimulating hormone
signaling pathways mediated by HSD3b / GnRH,
ESR2 / LHb/ERK1/2 may affect the egg production
of Leizhou black ducks.
ERK is a member of the MAPK family whose

pathway is involved in regulating cell growth, develop-
ment, and division. The MAPK signaling pathway is
an important pathway for intercellular signaling and
can participate in cell proliferation, differentiation, and
follicle maturation (Mendoza et al., 2011; McCain,
2013). Studies have shown that FSH can regulate the
Ca21 concentration on follicle granulosa cells through
FSHR and up-regulate the downstream protein Ras
(Dur�an-Past�en and Fiordelisio, 2013). Ras activates
the MAPK signal and enhances its cascaded ERK1/2
pathway (Mendoza et al., 2011; McCain, 2013). It pro-
motes granulation by increasing the transcriptional
activity of granule cells and the synthesis of cyclinD2
(Hatzirodos et al., 2014, 2015). MAPK-mediated
FSHR signaling is an important pathway for follicular
selection, development, and maturation. Therefore, in
this study, the FSH signaling pathway mediated by
ESR2 / LHb/ERK1/2 may play an essential role in
the egg-laying traits of Leizhou black ducks, and it is
of great significance for the molecular regulatory
network of egg-laying traits in poultry.

Gonadotropin-releasing hormone is an important signal
factor connecting the hypothalamus–pituitary–ovarian
axis to secrete gonadotropins (FSH and LH) through neu-
ral action which play vital roles in reproduction including
sex hormone biosynthesis (Casañ et al., 2000; Lee et al.,
2008; Clarke et al., 2009; Stamatiades and Kaiser, 2018).
Under the action of gonadotropins, GnRH can promote
ovarian development and maturation by up-regulating
the expression of IGF1 and TGF-b (Wu et al., 2016b).
Also, gonadotropins can promote the release of FSH
from the corpus luteum, activity of follicular granule cells,
and accelerate the selection and matured follicles (Clarke
et al., 2009; Xu et al., 2012). Therefore, the HSD3b /
GnRH signaling pathway mediated by the ovarian steroid
production pathway enriched in this study may be an
important factor affecting the egg production difference
of Leizhou black ducks.
CONCLUSION

In summary, the variation in egg production between
Leizhou black ducks HG and LG is closely related to the
NE, AFE, EW, and the number of LYF. It was found
through transcriptome sequencing that steroid biosyn-
thesis (HSD3b / GnRH, ESR / LHb/ERK1/2),
which is directly related to reproduction, was enriched,
and FSH signal pathway mediated by HSD3b /
GnRH, ESR/ LHb/ERK1/2 is the key signaling path-
ways that may affect the egg production differences of
Leizhou black ducks. Therefore, these differential genes
may be involved in hormonal regulation of ovarian follic-
ular development and ovulation, thereby affecting the
egg production of Leizhou black ducks.
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