Comparative analysis of the follicular transcriptome of Zhedong white geese
(Anser Cygnoides) with different photoperiods

Zhongbao Xu,* Siying Chen,* Weihu Chen,' Xiaolong Zhou,* Feifei Yan,* Tao Huang ®,* Yaqin Wang,*
Huangda Lu,” and Ayong Zhao*"!

“College of Animal Sciences and Veterinary Medicine, Zhejiang AEF University, Hangzhou 311300, China;
" Agricultural and Rural Bureau of Xiangshan County, Ningbo 315000, China; * Ningbo Agricultural Machinery
Animal Husbandry Center, Ningbo 315099, China; and ® Ningbo Tech University, Ningbo 315000, China

ABSTRACT The laying performance of geese is
mainly determined by follicular development and atre-
sia, while follicular status is regulated by photoperiod.
To understand the effect of photoperiod on the develop-
ment of goose follicles, artificial light was used to change
the photoperiod. In this study, ten healthy 220-day-old
Zhedong white geese (Anser Cygnoides) with similar
body weights and similar reproductive start times were
reared for 60 days under long photoperiod (15 L:9 D)
and short photoperiod (9 L:15 D) artificial light with the
intensity controlled at 30 lux, and follicles were col-
lected. Follicle development was analyzed by observing
the morphology of follicle tissue, the localization of auto-
phagosomes and autolysosomes, and the expression lev-
els of apoptosis-related protein factors. Small white
follicles (SWFs) were selected for RNA sequencing and
bioinformatics analysis of the transcriptome. Under a
long photoperiod, microtubule-associated protein 1 light
chain 3 (LC3) and Caspase-3 were expressed in the
granulosa cell layer and oocytes, respectively. LC3 and
Caspase-3 protein expression was increased in SWF and

large white follicles (LWFs), and there were more auto-
phagosomes and autolysosomes in granulosa cells. RNA-
seq found 93 differentially expressed genes (DEGs) in
the short-photoperiod group, including 55 upregulated
DEGs and 38 downregulated DEGs, distributed in 37
gene ontology categories. Kyoto Encyclopedia of Genes
and Genomes-enriched signaling pathways revealed 5
pathways enriched in upregulated DEGs, including pro-
tein digestion and absorption, ECM-receptor interaction
and regulation of lipolysis in adipocytes, and 4 pathways
enriched in downregulated DEGs, such as fatty acid bio-
synthesis. Ten differentially expressed genes related to
extracellular matrix and fatty acid metabolism ( THBS?2,
COL12A1, MRC2, TUBA, COL1A1, COLI11A1,
HSPG2, FABP, MGLL, and OLAH) may be involved in
the photoperiod regulation of follicle development in
Zhedong white geese. The differentially expressed genes
screened in this study will provide new ideas to further
understand the molecular mechanism underlying photo-
period-mediated regulation of follicle development in
Zhedong white geese.
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INTRODUCTION

Light is one of the most important factors causing sea-
sonal reproduction in animals, and the seasonal varia-
tion in the amount of light per day is the most
important signal for determining the correct time of
year to breed. This biological response to the relative
length of day and night is known as photoperiodism
(Zhao et al., 2020). The photoperiod of birds was
reported for the first time in 1925, and the response of
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dark-eyed junco (a nontropical bird) gonad development
to photoperiod changes was confirmed (Rowan, 1925).
Birds depend on seasonal variations in the photoperiod
to determine the timing and duration of the breeding
season. Birds living in temperate zones are usually long-
day breeders, while those living in the tropics or subtrop-
ics are short-day breeders (Shi et al., 2008).

The reproductive behavior of poultry is mainly regu-
lated by the hypothalamic-pituitary-gonadal axis. Light
stimulation is sensed in deep brain photoreceptors
(DBPs) (Nakane et al., 2010; Yamashita et al., 2010),
and the resulting nerve signals are transmitted to the
pituitary nodule (PT) to induce the synthesis of thyro-
tropin, which in turn induces the synthesis of iodome-
thyronine deiodase Il (DiO2). DiO2 converts thyroxine
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(T4) to 3,5,3-triiodothyronine (T3) in MBH, leading to
the synthesis and release of gonadotropin-releasing hor-
mone (GnRH) (Yoshimura, 2013; Bédécarrats et al.,
2016), which is delivered to the anterior pituitary
through the portal vein blood circulation, stimulating
the synthesis and release of gonadotropins, luteinizing
hormone (LH), and follicle-stimulating hormone
(FSH). LH and FSH promote gonadal maturation and
follicle selection and regulate the secretion of regulatory
steroids (Leska and Dusza, 2007). The secretion of vaso-
active intestinal peptides (VIPs) and prolactin (PRL),
as well as the abundance of mRNAs of these factors, are
sensitive to increased photoperiod sensitivity (Mauro et
al., 1992; Deviche et al., 2000). In addition, VIP and
PRL contribute to the development of photorefractori-
ness and the inhibition of GnRH and LH secretion.

The phenomenon in which a follicle enters a degenera-
tive process is called follicular atresia. When follicles
enter atresia, they do not continue to develop to the
next stage, and during the whole stage of follicular devel-
opment, small follicles are more prone to atresia than
preovulatory follicles (Lin and Rui, 2010). The direct
cause of follicular atresia is autophagy-induced apopto-
sis of granulosa cells (Tilly et al., 1991; Markstrom et al.,
2002). Under physiological conditions, apoptosis
depends on caspases, while autophagy is carried out
through autophagosomes and autophagosolysosomes
(Klionsky, 2005; Lockshin and Zakeri, 2005). It was
found that rat granulosa cells induced apoptotic cell
death through aggregated autophagosomes and caspases
(Choi et al., 2010). The expression level of Caspase-3 is
higher in the cells of fish atretic follicles (Morais et al.,
2012). Microtubule-associated protein 1 light chain 3
(LC3) is a marker of autophagosomes (Wu et al., 20006),
and its role in follicular atresia has been elucidated by
increasing evidence (Zhou et al., 2019). LC3 was upregu-
lated and induced autophagy in mouse granulosa cells
caused by tobacco smoke induction (Gannon et al.,
2012). In addition, the expression level of LC3 was upre-
gulated during reactive oxygen species (ROS) activa-
tion of autophagy in goose granulosa cells through the
mTOR pathway (Lou et al., 2017).

Zhedong white goose (Anser Cygnoides), mainly dis-
tributed in the eastern Zhejiang Province of China is a
famous local breed of meat goose in China. However, it
has strict seasonal reproduction, a high tendency toward
broodiness and a low egg-laying rate (Zhao et al., 2013).
Artificial light can control the reproductive behavior of
geese so that the photorefractoriness of geese is delayed
and geese are induced to lay eggs out of season (Buck-
land and Guy, 2002; Shi et al., 2005). Previous studies
exposed egg-laying Zhedong white geese to both a short
photoperiod (9 L:15 D) and a long photoperiod (15 L:9
D) (when natural light was 10.5—11 h). A short photo-
period produces more eggs than a long photoperiod and
makes geese finish nesting earlier and resume laying eggs
(Chen et al., 2020). In this study, the expression of the
autophagy factors LC3 and Caspase-3 in small white fol-
licles (SWFs) was detected by immunohistochemistry
and Western blot, and SWF autophagosomes and

autophagosolysosomes were observed by transmission
electron microscopy to investigate autophagy in SWFs.
Transcriptome analysis was used to study the differen-
tially expressed genes of SWF in Zhedong white geese to
explore the regulation of light duration in breeding sea-
son on follicular development and follicular atresia.

MATERIALS AND METHODS
Ethics Statement

In this study, all experimental protocols relating to
animal experiments were in accordance with the meas-
ures of the Administration of Affairs Concerning Experi-
mental Animals of Zhejiang Province, China (approved
by the Zhejiang Provincial Government in 2009 and pro-
mulgated by Decree No. 263). All animal experiments in
this study were approved by the Animal Care and Use
Committee of Zhejiang A&F University (Lin’an, Zhe-
jlang, China) to ensure compliance with international
animal welfare guidelines.

Animals, Feeding, and Sample Collection

Zhedong white geese (A. Cygnoides) used in this study
were raised in East Zhejiang White Goose Original
Breeding Farm, Xiangshan County, Zhejiang Province,
China. Twenty healthy and normal Zhedong white geese
with similar body weights and reproduction start times
were randomly selected. They were randomly divided
into 2 groups, with 10 birds in each group, according to
normal feeding and management methods. Two groups
of geese entering the laying period (220 d of age) were
reared under long photoperiod (15 L:9 D) and short pho-
toperiod (9 L:15 D) artificial light, the intensity of which
was controlled at 30 lux. Both groups stopped laying
eggs at wk 6, but the short-photoperiod group resumed
laying eggs at wk 8. After 60 days of feeding, 6 geese in
each group were dissected, and all follicles were collected
and graded according to volume. After all levels of fol-
licles were counted, they were immediately frozen in lig-
uid nitrogen and stored at —80°C until use. Three geese
were selected from each group, and 4 SWFs from each
goose were randomly selected and immersed in a 2 mL
centrifuge tube filled with 2.5% Gluta fixation solution
and 4% paraformaldehyde.

Follicular Granulosa Cell Autophagy
Observations

The follicle tissue was soaked in 2.5% Gluta fixation
liquid (exclusive use for electron microscopy) (Solarbio,
Beijing, China). This was followed by fixation in 1%
osmium acid solution, dehydration in gradient concen-
tration ethanol solutions and embedding in spurr
embedding agent. Seventy- to 90-nm slices were pre-
pared by an ultrathin microslicer (Leica EM UC7, Wet-
zlar, Germany) and stained with lead citrate solution
and 50% ethanol saturated solution of uranium dioxide
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acetate. Ultrastructure images were captured using
transmission electron microscopy (Hitachi H-7650,
Tokyo, Japan). There were three samples from each
group of 3 geese, and 3 micrographs were taken with sys-
tematic random sampling from each sample. The mean
value of data from each group of 9 micrographs was used
for quantitative statistics.

Immunohistochemistry

Paraffin-embedded sections of SWF's were dewaxed in
xylene, rehydrated in a graded ethanol series and finally
rinsed with phosphate-buffered saline (PBS). This was
followed by incubation in citrate antigen repair buffer at
100°C, and the endogenous enzymes were inactivated
with 3% H202-methanol solution. The slices were incu-
bated in a humidified chamber with 1:100 dilutions of
Caspase-3 antibody (A16793, ABclonal, Wuhan, China)
or LC3 antibody (A19665, ABclonal, Wuhan, China),
strengthening agent and horseradish peroxidase
(HRP)-conjugated immunoglobulin G (KIT-9902,
MXB Biotechnologies, Fuzhou, China) successively.
After washing thoroughly, the slices were stained with a
DAB kit (DAB-1031, MXB Biotechnologies, Fuzhou,
China) and subsequently counterstained with hematox-
ylin. After dehydration, the slices were sealed with neu-
tral resin and observed under a light microscope.

Analysis of LC3 Protein Expression in
Follicles

Follicular lysates were prepared using cold RIPA
buffer containing protease inhibitors, phosphatase inhib-
itors and PMSF'. Protein concentration was determined
using a BCA Protein Detection Kit (Jiancheng Institute
of Biological Engineering, Nanjing, China). An equal
amount of protein was loaded onto a 12% SDS—PAGE
gel separated by electrophoresis and transferred to
PVDF membranes. After blocking with 5% skimmed
milk powder, Western blotting was performed with LC3
antibody (AbClonal, Wuhan, China) and horseradish
peroxidase-conjugated goat anti-rabbit antibody (Abb-
kine, Wuhan, China). The PVDF membrane was
exposed and photographed in an agglutination imaging
system using Western Chemiluminescent HRP Sub-
strate (Millipore, Boston) according to the operating
instructions. The band strength was quantified using
ImageJ software, and the results were normalized to
B-tubulin.

Construction and Sequencing of mRNA
Library

SWF's were delivered to Shanghai Majorbio Biopharm
Technology Co., Ltd. (Shanghai, China) for RNA
extraction and sequencing. Total RNA was extracted
from tissue samples, and the concentration and purity of
the extracted RNA were detected by a NanoDrop2000.
RNA integrity was detected by agarose gel

electrophoresis, and the RIN value was determined by
an Agilent 2100. The total amount, concentration,
0D260/280 and OD260/230 of RNA should be equal to
or greater than 1 ug, 35 ng/ulL, 1.8, and >1.0, respec-
tively, for single database construction. The RNA frag-
ments were constructed into cDNA libraries according
to the protocol of the Illumina TruSeqTM RNA Sample
Prep Kit (Illumina, San Diego, CA). According to the
protocol recommended by the supplier, libraries were
sequenced on the Illumina NovaSeq 6000 platform.

RNA-seq Data Analysis

Clean reads were obtained by deleting reads contain-
ing Adapter, Poly-N, and low-quality reads from the
original data. Via TopHat software, the clean reads
were mapped to the NCBI TopHat Anser cygnoides
domesticus reference genome (https://www.ncbinlm.
nih.gov/genome/313977 Genome _Assem-
bly id = 229313). Transcripts were assembled, and the
abundance was measured via Cufflinks. Gene expression
levels were estimated using fragments per kilobase mil-
lion (FPKM). Differentially expressed genes (DEGs)
were analyzed through DESeq2 software (http://biocon
ductor.org/packages/stats/bioc/DESeq2/). When |
log2FC| was greater than 1 and P-adjusted was less
than 0.0001, the gene expression level was considered to
be significantly different.

Function Annotation for DEGs

Gene Ontology (GO) analysis of DEGs was carried
out using the GeneOntology database (http://www.gen
eontology.org/). GO enrichment analysis was used to
analyze the main functions of DEGs. DEGs were anno-
tated from 3 definitions, including biological processes,
molecular functions, and cellular components. P values
< 0.05 were defined as the significantly enriched GO
terms associated with DEGs. KEGG (Kyoto Encyclope-
dia of Genes and Genomes) pathway analysis was per-
formed using the KEGG database to identify important
pathways involved in DEGs. P values < 0.02 were used
to define significantly enriched KEGG pathways.

Real-Time Quantitative PCR Validation

To determine transcriptome sequencing data, 10 can-
didate genes were selected and validated by qRT-PCR.
The primers for qRT-PCR were designed using Primer
Premier 5 software and synthesized by Hangzhou You-
kang Biotechnology Co., Ltd. (Hangzhou, China). The
primer information is listed in Table 1. RNA from tissues
was used to synthesize cDNA using a 5X All-in-One
Mastermix Kit (ABM, Vancouver, Canada) and as a
template for quantitative PCR. Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as an inter-
nal control. Each 10 uL reaction volume contained 5 pLL
of 2X TB Green Premix Ex Taq (Takara, Kyoto,
Japan), 0.2 uL of 10 uM forward and reverse primers, 1
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Table 1. Primers used in the real-time quantitative PCR assay of genes.

Gene name Forward primer sequence (5-3) Reverse primer sequence (5-3”) PCR product (bp)
GADPH TTCCTCCACCTTTGATGCGG ACCATCAAGTCCACCACACG 114
MRC2 TGGGACGGCGAGTATTTCTG GCCCTTATTGTAACCGGGCT 126
HSPG2 AGGTGTCAGTGGCTGATTCG AGGGGAGTAGTAGGTGCCAG 116
COL11A1 GCATCGAGTAGCCATTAGCG CTTTCCAGGGGTTTTGTA 84
GTTTT
MGLL GAGTCCTCAAAACATCCCGTACA TTGTTGCTGGCTTCCAATACC 92
TUBA TGAGCTGTGGAGGGACGC GGGAAGTGGATGTAGGGGTATG 80
COL1A GTTGATAGCAGCGACTGTACTACTCA TGGCAGGGCTCGGGTT 123
THBS2 CTCTTTTGTTCAACCCTCGTCA TCACCCTCCCCATTATTATCTGT 121
COL12A1 AGCAACCCACTTGTTGGACA CATCCACCAGCAGCACGATA 121
FABP GAGACCACAGCAGATGACAGAA ATTCCACGACCAGGTTCCCA 136

uL of cDNA, and 3.6 uL. of RNA-free water. qRT-PCR
was performed on a CFX96 Real-time System (Bio-Rad,
Hercules, California) as follows: a cycle at 95°C for 30 s,
followed by 40 cycles of 95°C denaturation at 5 s and
annealing at 60°C for 30 s. There were 3 replicates for
each sample. The relative expression levels of the related
genes were calculated using the 27247 statistical analy-
sis method, and the long-photoperiod group served as
the calibrator.

Statistical Analysis

All experiments were repeated at least 3 times. Data
were analyzed by independent samples ¢ test using IBM
SPSS statistics 22 software, graphed using GraphPad
Prism software and presented as the mean + SEM. P <
0.05 was considered to be statistically significant. P <
0.01 was considered to be very statistically significant.

RESULTS
The Histological Morphology of Follicles

The ovarian development of Zhedong white geese with
a short photoperiod was normal, and there were large
numbers of developing follicles at all levels, which
formed follicular growth waves. In addition, there were

A

Short-photoperiod

i

Long-photoperiod

several preovulatory follicles. Most of the follicles were
fully developed and bright in color and luster
(Figure 1A). Ovarian atrophy with a long photoperiod
showed no preovulatory follicles and only pregrade fol-
licles, and most of them were SWF. Most of the follicles
were atresic and dark in color and luster, and some of
the follicles also had blood spots. There was no signifi-
cant difference in the number of SWFs and LWFs
between the 2 groups (P > 0.05), but the SYF number of
a short photoperiod was significantly higher than that of
a long photoperiod
(P < 0.05; Figure 1B).

Follicular Granulosa Cell Autolysosomes
and Autophagosomes

There were autophagosomes and autolysosomes in the
fields of vision for the vesicle granulosa cell layer. Auto-
phagosomes are vesicular structures with bilayer mem-
branes with diameters of 300 to 900 nm that encase
other cellular components or organelles. Autolysosomes
are monolayer vesicular structures containing cyto-
plasmic components that are not completely degraded
(Figure 2A). Calculated as the average of the number in
each group of nine images, the number of autophago-
somes and autolysosomes in the granulosa cell layer of
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Figure 1. Follicles of Zhedong White geese in the two groups. (A) Ovarian follicle anatomy. SWF, LWF, and SYF represent small white fol-
licles, large white follicles, and small yellow follicles, respectively. (B) Number of follicles. Values are mean £ SEM (n = 6). “*” indicates significant

differences between groups (P < 0.05).
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Figure 2. Autophagy in the follicular granule layer of Zhedong White geese. (A) Electron microscopic observation of autophagosomes and auto-
phagolysosomes. The red and blue arrows point to autolysosomes and autophagosomes, respectively. Scale bar = 500 nm. (B) The number of auto-

phagosomes and autophagosomes. Values are mean = SEM (n = 9).

follicles with a long photoperiod was significantly higher
than that of follicles with a short photoperiod
(Figure 2B).

Immunohistochemistry

LC3 protein was mainly expressed in the follicular gran-
ulosa cell layer with a long photoperiod (shown as brown
in the figure) and was almost never expressed in the oocyte
and membrane layer with a long photoperiod or in the folli-
cle with a short photoperiod. Caspase-3 protein was barely
expressed in SWFs in either group (Figure 3A).

Analysis of LC3 Protein Expression in Follicles

The relative expression of LC3 protein relative to the
reference protein B-tubulin in SWFs and LWFs was
detected by Western blot. The relative expression level
of LC3II protein in SWFs and LWFs with a long photo-
period was significantly higher than that with a short
photoperiod (P < 0.05; Figure 3B).
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ndicates highly significant differences between groups (P < 0.01).

Transcriptome Sequencing and Quality
Control

A SWF library of Zhedong white geese treated with
different photoperiods was constructed and sequenced.
Each library generated a total of 46,735,288 to
51,248,378 original reads, and the effective data were
46250,628 to 50814222 reads, with an effective ratio of 6
libraries greater than 98.9%. The data quality was good,
with Q20 (base sequencing error probability <1%)
>97.9% and Q30 (base sequencing error probability
<0.1%) >94.0% (Table 2).

Reads Mapping and DEGs

To identify the genes corresponding to clean reads
in each library, clean reads were mapped to the refer-
ence gene expressed in the genome of Anser cygnoides
domesticus. The mapping results showed that 83.73%
to 86.42% reads in each library were completely
matched with the reference genome, while 80.51%
(37,240,075) to 84.18% (42,781,369) reads among
unique mapping reads were completely matched with

I Short-photoperiod
I Long-photoperiod

r

0.5

Relative protein expression
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0.5
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0.0-

Figure 3. Expression of LC3 and Caspase-3 in follicles. (A) Immunolocalization of LC3 and Caspase-3 protein in small white follicles (SWFSs).
GL and TL represent the oocyte, granulosa cell layer, and theca cell layer, respectively. Scale bar = 40 um. (B) Western blot analysis of LC3 expres-
sion in SWF and large white follicles (LWFs). Values are mean + SEM (n = 3). “*” and “**” indicate significant and highly significant differences

between groups, respectively (P < 0.05).
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Table 2. Characteristics of the reads from 6 samples in Zhedong white geese.

Raw data Valid data
Sample Reads Base Reads Base Valid ratio (%) Q20 (%) Q30 (%)
L1 49371444 7455088044 48955774 7269402282 99.16 98.12 94.54
L2 51248378 7738505078 50814222 7529671916 99.15 98.14 94.61
L3 50521606 7628762506 50072374 7460074066 99.11 98.05 94.36
S1 46735288 7057028488 46250628 6892220180 98.96 97.97 94.24
S2 48929738 7388390438 48467798 7241169726 99.06 97.99 94.24
S3 50498222 7625231522 50051462 7485099560 99.12 97.98 94.19

L and S represent the long-photoperiod group and the short-photoperiod group, respectively; 1/2/3 represent three biological replicates of each group;
Raw data: all original data produced by sequencing; Valid reads: the remaining reads after filtering of low-quality reads from raw reads; Valid ratio: Ratio
of valid reads to raw reads; Q20: the proportion of read bases whose error rate is less than 1%; Q30: the proportion of read bases whose error rate is less

than 0.1%.

Table 3. Mapped statistical results of 6 libraries.

Sample Total reads Total mapped Multiple mapped Uniquely mapped
L1 48961268 41848824(85.47% 845995(1.73%) 41002829(83.75%)
L2 50819934 43919821(86.42% 1138452(2.24%) 42781369(84.18%)
L3 50077710 42971146(85.81% 912136(1.82%) 42059010(83.99%)
S1 46257872 38733175(83.73% 1493100(3.23%) 37240075(80.51%)
S2 48472522 41178968(84.95% 1059799(2 19%) 40119169(82.77%)
S3 50057182 42743945(85.39%) 455954(2.91%) 41287991(82.48%)

L and S represent the long-photoperiod group and the short-photoperiod group, respectively; 1/2/3 represent three biological replicates of each group;
Total reads: the remaining reads after filtering of low-quality reads from raw reads (i.e., Valid reads); Total mapped: the total reads amount mapped to
the reference genome; Multiple mapped: the reads amount mapped to the reference genome at more than one site; Uniquely mapped: the reads amount

mapped to the reference genome at only one site.

the reference genome, and 1.73% (845,995) to 3.23%
(1,493,100) reads among multimapping reads were
completely matched with the reference genome
(Table 3). We identified 93 differentially expressed
genes in the SWF library (P-adjust < 0.0001 and |
log2FC|>1), which contained 55 upregulated genes
and 38 downregulated genes (Figure 4).

GO and KEGG Pathway Analyses of DEGs

To determine the functions of DEGs, GO enrichment
analysis was used to annotate DEGs, and their distribu-
tion was studied. Ninety-three differentially expressed
genes were distributed in 37 gene ontology categories,
which were divided into 3 categories: biological pro-
cesses, cell components, and molecular functions,
accounting for 48.6, 32.4, and 19.0%, respectively (Fig-
ures bA—5B). Among them, the most important biologi-
cal processes include cellular processes, single-organism
processes, metabolic processes, biological regulation,
and regulation of biological processes. In terms of cell
composition, genes participate in cell, organelle, extra-
cellular region, extracellular region part, etc. In the clas-
sification of molecular functions, enriched GO terms
included binding, catalytic activity, transporter activity,
structural molecule activity, etc.

To understand the regulatory network of DEGs by
comparing the transcriptome of SWFs exposed to differ-
ent photoperiods in the 2 groups, KEGG pathway
enrichment analysis was performed. In the KEGG

pathway analysis of SWF, 93 DEGs were mapped to 94
pathways (Figure 5C).

The upregulated genes were significantly enriched in 5
KEGG pathways, including phagosome, protein diges-
tion and absorption, tuberculosis, ECM-receptor inter-
action, and regulation of lipolysis in adipocytes. The
downregulated genes were significantly enriched in 4
KEGG pathways, including fatty acid biosynthesis, apo-
ptosis, alcoholism, and systemic lupus erythematosus (P
value < 0.02; Figure 5D).

gqRT—-PCR Validation of Gene Expression

To evaluate the accuracy of the RNA-seq data, 10
DEGs were selected for qRT—PCR verification.
Although the expression fold changes of the genes
selected by the 2 methods were different, the expression
trends were highly consistent, which showed the accu-
racy and quality of the RN A-seq results (Figure 6).

DISCUSSION

Artificial light affects the reproductive performance of
poultry, which depends on the growth and development
of follicles, strictly following the appropriate hierarchy.
After recruitment, the primordial follicles enter grade
development, and follicles grow, mature and ovulate in
turn from small to large. A large number of primitive fol-
licles are attached to the ovaries of birds, but only a
small number of the primitive follicles can grow and
mature normally. Only a small percentage of SWF's can
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Figure 4. Volcano plot for DEGs.

develop into SYFs, and only one SYF is selected as a
graded follicle. The greater the number of follicles
selected for grade development, the longer the egg
sequence and the higher the egg performance of the bird.
We found that a long photoperiod inhibits follicular
development by ovarian atrophy and SYF loss in Zhe-
dong white geese. This result is consistent with previous
studies showing that a long photoperiod reduced egg
production in Zhedong white geese (Chen et al., 2020).
Therefore, a short photoperiod is beneficial to follicle
development and the laying performance of Zhedong
white geese.

Follicular granulosa cell apoptosis, induced by
autophagy (Choi et al., 2011), is a direct factor in the
occurrence of follicular atresia (Zhang et al., 2019) and
is involved in the atresia of various stages of follicular
development (Chio et al., 2010). Granulosa cells secrete
gonadal steroids, growth factors, and cytokines for follic-
ular growth (Matsuda et al., 2012), so they are the first
cell population to undergo apoptosis in follicular atresia
and secrete apoptosis-related factors (Inoue et al., 2011).
Autophagy, a lysosome-mediated degradation system
for maintaining cellular homeostasis, occurs in a

stepwise manner involving sequential membrane remod-
eling processes (Gomez-Sanchez et al., 2021; Zhao et al.,
2021). In the autophagy process, cytosolic material is
sequestered by an expanding membrane sac (the phago-
phore), resulting in the formation of a double-membrane
vesicle (autophagosome) whose outer membrane subse-
quently fuses with a lysosome to form a single membrane
structure, the autophagy lysosome, exposing the inner
single membrane of the autophagosome to lysosomal
hydrolases (Xie and Klionsky, 2007). The acidic environ-
ment in lysosomes and the action of hydrolases lead to
the degradation of autophagy membranes and inclusions
(Button et al., 2017). The accumulation of autophago-
somes in rat ovarian granulosa cells induces apoptosis of
granulosa cells and follicular atresia (Choi et al., 2011).
LC3, a widely used autophagic marker, labels autopha-
gic structures at different stages of biogenesis and accu-
mulates on amphisomes during maturation (Zhao et al.,
2021). LC3 is necessary for the formation of autophago-
somes, during which LC3-I is transformed into LC3-II,
LC3-II exists inside and outside the autophagosomes,
and its quantity is related to the degree of autophago-
some formation (Kabeya et al., 2000; Stolz et al., 2014).
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Figure 5. Functional analysis of differentially expressed genes (DEGs) in small white follicles (SWFs). (A) Gene ontology (GO) enrichment
analysis of DEGs. The ordinate coordinates represent the annotation of the term; the horizontal axis represents the GO terms corresponding to the
rich factor. The rich factor is the ratio of the number of genes enriched in the GO term (sample number) to the number of annotated genes (back-
ground number). The higher the Rich factor is, the greater the enrichment degree. The size of the dots indicates the number of genes in this GO
term, and the color of the dots corresponds to different P value ranges. (B) GO functional analysis of DEGs. The ordinate coordinates represent three
GO categories at the level of the GO term and the annotation of the term; the abscissa is the number of genes. Three different classifications of GO
annotations of three basic categories are included (from top to bottom: molecular function, cellular component, and biological processes). (C) Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway functional analysis of DEGs. The vertical axis represents the name of the pathway; the hori-
zontal axis represents the number of genes. Five different classifications of KEGG annotations of six basic categories are included (from top to bot-
tom: metabolism, environmental information processing, cellular processes, organismal systems, and human diseases). (D) Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment of DEGs. The vertical axis represents the name of the pathway; the horizontal axis represents
the pathways corresponding to the rich factor. The rich factor is the ratio of the number of genes enriched in the pathway (sample number) and the
number of annotated genes (background number). The higher the Rich factor is, the greater the enrichment degree. The size of the dots indicates
the number of genes in this pathway, and the color of the dots corresponds to different P value ranges. Among the upregulated and downregulated
DEGs, the 5 pathways with the most significant enrichment are displayed in the figure. Abbreviations: SWF _DEG_DOWN: downregulated differ-
ential genes in SWF; SWF_DEG _ UP: upregulated differential genes in SWEF.

This was consistent with the results of this study in (MMPs) and interacts with a variety of cellular recep-
which the number of autophagosomes and autophagoly-  tors, growth factors, and extracellular matrix proteins
sosomes as well as LC3 expression increased in the long (Du, 2018). Epithelial cells lose cell polarity and lose
photoperiod group, suggesting that a long photoperiod  their connection with the basement membrane through
induced follicular atresia through autophagy of follicular ~ epithelial mesenchymal transition (EMT). THBS2
granulosa cells and affected egg production in Zhedong  blocks the EMT process and maintains the epithelial
white geese. In addition, the major effectors in apoptosis ~ morphology of follicular granulosa cells (Del Pozo Mar-
are caspases, which may be involved in later events of  tin et al., 2015). COL12A1, encoding the collagen XIlx1
autophagy (Santos et al., 2008). The accumulation of  chain, consists of 3 noncollagenous domains and 2 collag-
autophagosomes induces granulosa cell apoptosis by  enous domains alternating to form a trimer. Collagen
reducing Caspase-3 (Choi et al., 2011). Our immunohis-  XII forms a molecular bridge with tenascin X, which
tochemical results also showed that a long photoperiod  makes the extracellular matrix more resistant to
promotes the accumulation of autophagosomes and  mechanical stress. Collagen XII is upregulated in vitro
autophagolysosomes in SWF granulosa cells of Zhedong  and in vivo when mechanical stress is applied (Tréchslin
white geese to induce cell apoptosis by reducing Cas- et al., 1999; Fliick et al., 2000). In addition, collagen XII
pase-3. improves the deformability of the matrix and the mobil-
Among the 93 DEGs, we found that THBS2 and ity of collagen fibers, contributing to the elasticity of the
COL12A1, partially associated with extracellular matrix ~ extracellular matrix (Nishiyama et al., 1994; Bader et
and extracellular region, were significantly upregulated  al., 2009). A short photoperiod may improve the elastic-
in SWFs in the short-photoperiod group. THBS2 ity of the extracellular matrix and maintain cell mor-
(Thrombospondin 2), a member of the thrombospondin ~ phology by promoting the expression of the THBS2 and
family, has binding sites for metal matrix transferases COL12A1 genes in the SWF of Zhedong white geese.
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Figure 6. qPCR validation of DEGs by qPCR and RNA-seq results. Total RNA was extracted from SWFs and measured by gqRT—PCR analy-
sis; relative expression levels were calculated according to the 2 -AAC method using GAPDH as an internal reference gene. Values are mean + SEM
(n = 3). “*” and “**” indicate significant and highly significant differences between groups, respectively (P < 0.05). Abbreviations: RNA-seq, RNA

sequencing; qPCR. quantitative polymerase chain reaction.

Follicle development requires a large amount of
renewal of extracellular matrix components and tissue
remodeling to continuously modify the dynamic struc-
ture to maintain the homeostasis of the tissue (Yin et
al., 2021). In the SWF of Zhedong white geese with a
short photoperiod, the phagosome KEGG pathway sig-
nificantly enriched 6 upregulated DEGs, among which
MCR2 and TUBA were associated with extracellular
matrix renewal. MRC2, also known as uPARAP/
Endo180, encodes an endocytic collagen receptor and
plays a role in extracellular matrix remodeling by medi-
ating collagen internalization and lysosomal degradation
(Howard and Isacke, 2002). It controls the balance of
collagen deposition and degradation, mediates the endo-
cytosis pathway of collagen turnover and limits collagen
accumulation during fibrogenesis (Madsen et al., 2012).
The accumulation of collagen in the outer matrix of
hepatocyte pairs leads to liver fibrosis and cirrhosis
(Madsen et al., 2012). In addition, MRC2 was found to
be expressed in the TC layer and involved in regulating
estradiol synthesis in follicles (Jing et al., 2018). In
chicken follicles, TCs and GCs surround oocytes, and
interactions between them and between cells and
oocytes within the follicle play an important role in fol-
licular genesis, supporting oocyte development until
ovulation. In the short-photoperiod group, the

upregulation of MCR2 contributed to the recombination
of extracellular matrix of follicles and normal cell
growth. a-Tubulin encoded by TUBA is an important
component of the cytoskeleton and plays a role in cell
structure maintenance and material transport (Hong et
al., 2017). It was found to be upregulated during the
transition from G1 to S phase, which is considered a
major checkpoint for cell cycle progression. Increased
TUBA expression may enhance tumor proliferation (Lu et
al., 2013). Collagen is the main component of the extracel-
lular matrix, which consists of 28 subtypes. COL1A1 and
COL11A1 were found in protein and absorption KEGG
pathways enriched with differentially expressed genes
upregulated by short photoperiods. COL1A1 encodes type
I collagen «l, the main component of type I collagen,
which confers survival advantages and enhanced carcino-
genicity to HCC cells (Ma et al., 2019). Silencing of
COL1A1 expression inhibits the proliferation, cloning and
motility of HCC cells as well as the formation of tumor
spheres. COL11A1 expression is low in normal tissues but
significantly upregulated in many types of cancer (Raglow
and Thomas, 2015; Véazquez et al., 2015). COL11A1
expression was also positively correlated with matrix hard-
ness, disease progression, and extracellular matrix increase.
Increased tissue stiffness may alter mechanical transduc-
tion, leading to recombination of the extracellular matrix
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(Pearce et al., 2017). COL11A1 activates the Src-PI3K/
Akt-NF-kB signaling pathway and induces the expression
of 3 antiapoptotic proteins (IAPs), including XIAP
BIRC2 and BIRC3 (Lu et al, 2013). Therefore, a short
photoperiod may promote the renewal and recombination
of the extracellular matrix of small white follicles through
upregulation of MCR2, TUBA, COL1A1, and COL11A1
to maintain follicular development.

After the oocyte in the primitive follicle is activated
and begins to grow, granulosa cells begin to divide, the
number of cell layers around the oocyte increases, and
the basal membrane of the follicle expands. We found
HSPG2 in the upregulated DEGs enriched by the
ECM-receptor interaction pathway, and the Perlecan
protein encoded by HSPGZ2 is the main component of
all basement membranes (Tozzo et al., 1994). Tt is
highly expressed in the external matrix of ovarian cells
(Winkler et al., 2002), effectively promotes the activity
of growth factors and stimulates the growth and regen-
eration of endothelial cells (Chen et al., 2008; Mishra et
al., 2011; Gustafsson et al., 2013; Grindel et al., 2014).
In skeletal muscle, Perlecan causes muscle cell prolifer-
ation through growth factor signaling and influences
cell stability through integrin B1 (Tozzo et al., 1994).

Follicular development and atresia involve meta-
bolic changes such as sugars and fatty acids, and
oocyte maturation depends on the extracellular
microenvironment and endogenous substances to
maintain energy balance (Sturmey et al., 2009). Tri-
glycerides are the major component of lipids in
oocytes (Homa et al., 1986) and provide a large
potential energy reserve. The lipase activity of
bovine oocytes increases during maturation (Cetica,
2002). In this study, a short photoperiod may pro-
mote oxidative metabolism of SWF fatty acids and
follicular development by upregulating FABP and
MGLL in the regulation of lipolysis in the adipocyte
KEGG pathway. FABP is thought to be involved
in the wuptake, intracellular metabolism, and/or
transport of long-chain fatty acids. They may also
play a role in regulating cell growth and prolifera-
tion. MGLL encodes monoglyceride lipase and cata-
lyzes the conversion of monoglycerides to free fatty
acids and glycerol. In lipid metabolism, monacylgly-
cerides are converted into fatty acids by hydrolase
expressed by MGLL, which is bound by FABP and
transported to mitochondria, where they enter mito-
chondria for oxidative decomposition under the
action of CPT1. Meanwhile, a short photoperiod
may protect oocytes by downregulating OLAH in
the fatty acid biosynthesis KEGG pathway in
SWF, a gene encoding oleacyllACP hydrolase,
which releases free fatty acids from fatty acid syn-
thase. A decrease in saturated fatty acids in follicu-
lar fluid protects oocytes from damage. During
follicular atresia, the metabolic level of follicular
cells was significantly reduced, and a higher concen-
tration of saturated fatty acids accelerated the apo-
ptosis process of granulosa cells and oocytes
(Cheng, 2018).

CONCLUSIONS

In the present study, through follicular morphology,
autolysosomes and autophagosomes, as well as the pro-
tein expression levels of LC3 and caspase-3, we found
that a short photoperiod can inhibit autophagy and fol-
licular atresia and promote follicular development in
Zhedong white geese. RNA-seq found that 55 DEGs
were upregulated and 38 DEGs were downregulated in
the short-photoperiod group. Ten differentially
expressed genes related to extracellular matrix and fatty
acid metabolism (THBS2, COL12A1, MRC2, TUBA,
COL1A1, COL11A1, HSPG2, FABP MGLL, and
OLAH) may be involved in the photoperiod regulation
of follicle development in Zhedong white geese. There-
fore, our study provides useful information for under-
standing the photoperiod regulation of follicle
development in Zhedong white geese. However, these
transcriptome data are preliminary, so the functions of
DEGs need to be further investigated.
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