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Abstract
Background Our previous work revealed that red light (RL) can improve egg production by Jinghai Yellow
hens. Circular RNAs (circRNAs) are a novel non-coding RNAs, but the molecular mechanism underpinning
their functions during follicular development of hens under monochromatic light remains unknown.

Results We compared expression pro�les of granulosa cells (GCs) of small yellow follicles (SYFs) from
hens under RL and white light (WL). A total of 2,468 circRNAs were identi�ed, of which 22 were
differentially expressed (DE) between RL and WL groups. Host genes of DE circRNAs were enriched in
ovarian steroidogenesis, and MAPK signalling and PI3K-Akt signalling pathways. Furthermore, DE
circRNA_0320 and circRNA_0185 interact with miR-143-3p targeting FSHR, which is essential for GC
differentiation and follicle development.

Conclusions These �ndings will facilitate further analysis of the molecular mechanism of circRNAs in
GCs of SYFs, and expand our understanding of follicle development, which could lead to increased egg
production.

Background
The rate of follicle development is closely related to egg production by hens [1], and the reproductive
strategy for avian species that produce clutches of eggs is dependent upon the maintenance of a small
cohort of viable, undifferentiated follicles [2]. In hens, one small yellow follicle (SYF) of 6–8 mm in
diameter is selected daily from a pool of follicles of similar size to become a preovulatory follicle [3–4].
Furthermore, the proliferation and differentiation of granulosa cells (GCs) are closely related to follicular
development [5], and Orisaka et al. (2009) demonstrated that follicular growth is tightly regulated by intra-
ovarian oocyte-granulosa-theca cell interactions [6]. GCs help to supply nutrients during oocyte growth
through gap junction associations [7–8], and Shen et al. (1993) reported that yolk particles passing
between GCs are important for the growth of chicken oocytes [9–10].

The SYF contains signi�cantly more follicle stimulating hormone receptor (FSHR) than the other follicles
[11], which is one of the earliest markers for the most recently ‘selected’ follicle in the granulosa layer of
the hen ovary [4]. However, the granulosa layer within prehierarchical follicles remains undifferentiated
and steroidogenically inactive [12]. Tilly et al. (1991) demonstrated that the steroidogenic competency of
GCs occurs during the transition of follicles from 6–8 mm to 9–12 mm [13]. Differentiated GCs derived
from preovulatory follicles are capable of producing progesterone, particularly in response to LH, which
eventually results in an LH surge that initiates ovulation [14–15]. Therefore, follicle selection is
associated with an increase in P450scc, together with progesterone secretion in the GCs of SYFs [5],
hence the �nal differentiation of the GC layer commences at the time of follicle selection [12].

Circular RNAs (circRNAs) are novel non-coding RNAs that are ubiquitously expressed in eukaryotic cells
during post-transcriptional processes [16]. CircRNAs are unusually stable RNAs produced by
circularisation of exons through a poorly characterised mechanism [17]. Memczak et al. (2013) detected
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thousands of highly expressed, stable circRNAs that often display tissue- and/or developmental-stage-
speci�c expression [18]. Endogenous circRNA molecules can act as e�cient miRNA sponges, adding to a
growing repertoire of known regulatory functions in gene expression [19–20], and they also modulate pre-
mRNA alternative splicing, and possess protein-coding capacity [21]. Wu et al. (2020) found that host
genes of circRNAs in GCs of duck preovulatory follicles are enriched in vital pathways related to oocyte
development and cell proliferation [22]. Shen et al. (2019) identi�ed the key gene RalGPS2 which is
produced in three isoforms of circRNAs in GCs of chicken follicles [23]. Arti�cial illumination is widely
used in poultry, and our previous studies revealed that egg production of hens aged 300 days under RL
was 90.61 eggs, signi�cantly higher than that of the WL group (87.44 eggs). Thus, RL signi�cantly
improves egg production by Jinghai Yellow hens, but the molecular mechanism underpinning the
functions of circRNAs during follicular development of hens under RL remains unknown.

In the present study, RNA sequencing (RNA-seq) was performed to identify circRNAs in GCs of SYFs of
Jinghai Yellow chickens under monochromatic light. The results will prove useful for exploring the
molecular mechanism of GC development in hens under monochromatic light.

Results
Identi�cation of circRNAs in GCs of SYFs in hens

Six circRNA libraries were built from RL (n = 3) and WL (n = 3) groups, an Illumina Hiseq 4000 instrument
was applied to sequence these samples, and the obtained reads were mapped to the chicken reference
genome (Gallus-gallus-5.0/galGal5). After removing low-quality sequences and adapters, 55.35 Gb of
clean reads was obtained with an average GC content of 48.2%. CIRI and circBase were used to identify
circRNAs [24-25], and 2,468 circRNAs were identi�ed in regenerating GCs of SYFs in RL and WL groups.
Nearly 85% of circRNAs had a predicted splice length of <2,000 bp, 46.64% of circRNAs had a length >500
bp, 26.26% were 500-1000 bp, and the average length was 2,564 bp (Fig. 1A). The identi�ed circRNAs in
GCs were distributed across almost all chromosomes, with the fewest on chromosome (chr) 32 and the
most on chr1 (Fig. 1B). According to their genomic loci, circRNAs were grouped into exon, intron and
intergenic regions. Most (2,180) circRNAs originated from sense genic_exonic regions (Fig. 1C).

Analysis of DE circRNAs

Expression levels of circRNAs of GC libraries of SYFs were compared between RL and WL groups, and 22
DE circRNAs were identi�ed (p <0.05). Of these, 15 were upregulated and 7 were downregulated (Fig. 2A,
Additional File 1). Furthermore, spliced reads per million (RPM) was used to measure expression levels of
circRNAs [26], and volcano plots of DE circRNAs were plotted (Fig. 2B).

GO and KEGG analyses of host genes related to DE circRNAs

The biological functions of host genes related to DE circRNAs were further analysed. GO enrichment
analysis was performed on DE circRNAs involved in the positive regulation of cell migration, the ERK1and
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ERK2 cascade, cell-cell signalling, and inositol 1,4,5-trisphosphate binding (Fig. 3A, Additional �le 2).
KEGG pathway enrichment analysis of DE circRNAs identi�ed ovarian steroidogenesis, as well as MAPK
signalling, prolactin signalling , PI3K-Akt signalling and thyroid hormone signalling pathways (Fig. 3B,
Additional �le 3).

Veri�cation of DE circRNAs and host genes by RT-qPCR

To validate the expression levels of DE circRNAs and host genes to support further analysis of the
molecular mechanism of monochromatic light on follicular development in hens, �ve circRNAs
(circRNA_1946, circRNA_0320, circRNA_0185, circRNA_0007, and circRNA_1481) and �ve genes (FSHR,
EGF-like �bronectin type III and laminin G domain [EGFLAM], mitogen-activated protein kinase kinase
kinase 5 [MAP3K5], phosphoinositide-3-kinase regulatory subunit 1 [PIK3R1], photopigment melanopsin-
like [OPN4-1]) were analysed by RT-qPCR, and the results were compared with the high-throughput RNA-
seq results (Fig. 4). The WL group served as a control group, and the expression pattern revealed that the
two methods gave consistent results.

Coexpression networks of predicted target miRNAs and genes

It is well established that one of the main functions of circRNAs is acting as miRNA sponges [19], and
circRNA-miRNA interactions can predict the characteristics of circRNAs [20]. Herein, 24 miRNAs and 193
mRNAs were predicted by miRBase [52], and the results are shown in Additional �les 4 and 5. Cytoscape
software was applied to construct circRNA-miRNA-mRNA coexpression networks [53], and circRNA_1805
and circRNA_0007 were found to share the common targets miR-425-5p, circRNA_0320, and
circRNA_1805, with the same 11 miRNAs, including miR-143-3p, miR-142-3p, miR-107-3p, miR-27b-3p,
and miR-460a-5p. The molecular interactions between these three circRNAs and their miRNAs and target
genes are illustrated in Figure 5. Target genes including FSHR, EGFLAM, MAP3K5 and PIK3R1 are related
to chicken reproductive performance.

Discussion
Chicken ovaries are considered an excellent model of follicular selection because they the size of follicles
can be easily observed [3]. Many of the processes of follicle growth and differentiation are initiated
speci�cally within the GC layer [2]. In order to increase egg production by hens, we investigated the effect
of monochromatic light on reproductive performance. Comparing WL and RL groups revealed a
signi�cant increase in egg production by Jinghai Yellow chickens, and this could have economic bene�ts.
Exploring the follicular development of prehierachical follicles (SYFs) of hens in response to
monochromatic light could assist the modern poultry industry. CircRNAs are ubiquitous in the
transcriptome of humans and mice, and circRNA expression is a feature of all eukaryotes [27–29]. Most
circRNA sponges are formed through backsplicing, and are enriched in miRNA-binding sites [30–31]. RL
increases egg production by Jinghai Yellow chickens, therefore we analysed DE circRNAs, miRNAs, and
mRNAs of GCs of SYFs of Jinghai Yellow chickens under RL and WL exposure to identify the key
circRNAs involved in follicular development.
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The identi�ed DE circRNAs were widely distributed across most chromosomes, with the most on chr1 and
the fewest on chr 32, in accordance with previous studies [23]. A total of 2,468 circRNAs were identi�ed in
GCs of SYFs, which is more than the number in liver of ALV-J-resistant chickens (1,800) [32] but less than
the number in spleen of ALV-J-infected chickens (4,254) [33], possibly due to tissue-speci�c factors. In
total, 11,642 circRNAs of three types of GCs (SYF, F1, and F6) of chicken [23] and 4,204 circRNAs of two
types of GCs (SYFs and large white follicles (LWFs)) were identi�ed for duck follicles [22], both
considerably more than identi�ed herein, which indicates that the number of circRNAs may be closely
correlated with the number of types of follicles. We found that the most common lengths for circRNAs
were 200−300 nt and > 2,000 nt, and Shen et al. (2019) similarly found that the majority of circRNAs were
200−300 nt, but lengths > 1400 nt were not mentioned [23]. In the present study, we identi�ed 22 DE
circRNA in GCs of SYFs between RL and WL groups (Fig. 2). Wu et al. (2020) previously identi�ed 14 DE
circRNAs of GCs between LWFs and SYFs [22], while Shen et al. (2019) identi�ed 219 DE circRNAs of GCs
between SYFs and F6 [23], indicating that the number of DE circRNAs is closely related to the contract
group. Moreover, host genes of DE circRNAs were enriched in ovarian steroidogenesis, as well as MAPK
signalling, prolactin signalling and PI3K-Akt signalling pathways. Previous studies concluded that ovarian
steroidogenesis is important for GC differentiation and follicle development [12, 34–35]. MAPK signalling
prevents premature differentiation of the granulosa layer within prehierarchical follicles [36], which is
involved in the regulation of follicle growth. The PI3K pathway is known to be essential for the regulation
of cell proliferation, survival, and migration, is also likely to play a role in regulation of the activation of
primordial follicles in the mouse ovary [37]. It can be concluded that DE circRNAs play an important role
in GC development and follicluar maturation.

Previous studies have shown that chr5:13061358|13064218 binds to miR-27b-3p and participates in
follicular development of chicks [23], and aplacirc_013267 directly binds to and inhibits miR-1-13 in duck
ovarian follicles [22]. In the present study, we found that circRNA_0320 and circRNA_0185 were
differentially expressed between RL and WL groups, and a number of miRNAs were predicted to interact
with these circRNAs, including miR-27b-3p, miR-143-3p and miR-142-3p (Fig. 5). Furthermore, the circRNA-
miRNA-mRNA network also showed that miR-143p-3p targets FSHR, in accordance with Zhang et al.
(2018) and Du et al. (2016) who concluded that miR-143 affects GC apoptosis by binding to FSHR [38–
39]. One of the earliest markers for differentiating GCs is elevated expression of FSHR [36]; FSHR mRNA
levels in the granulosa layer were highest within the cohort of 6−8 mm follicles (SYFs) during hen follicle
development [40], in accordance with our study showing that expression of FSHR was higher in GCs of
SYFs of Jinghai Yellow chicken. Genes including EGFLAM, MAP3K5, PIK3R1 and OPN4-1 were identi�ed
as targets of DE circRNAs, and these play an important role in follicular development. MAP3K5 is a
reliable marker for dominant follicles in cattle, and at day 2.5 post-ovulation there are clear differences in
expression of MAP3K5 between the dominant follicle and the next largest follicle a day later [41–42].
Panda et al. (2002) concluded that Opn4 is required for light-induced circadian phase shifting, and OPNs
play a pivotal role in non-image-forming responses to light, including physiological adaptations to
ambient light [43–44]. PIK3R1 plays an important role in regulating ovarian activities in yak seasonal
reproduction [45]. EGFLAM is involved in cellular growth, differentiation and proliferation, including
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angiogenesis and membrane fusion [46]. Competing endogenous RNAs (ceRNAs) analysis revealed that
circRNAs can compete with miRNAs to alter the expression of key genes involved in GC differentiation
and follicle development. Further characterisation of the functions of circRNAs and associated molecules
related to follicular development are required to con�rm the roles of ceRNAs in GC differentiation, and
interference studies could prove useful for this purpose.

Conclusions
In conclusion, 2,468 circRNAs were identi�ed in the GC of SYFs of Jinghai Yellow chickens under RL and
WL exposure. Furthermore, DE circRNA_0320 and circRNA_0185 were found to interact with miR-143-3p
that targets FSHR, and essential protein for GC differentiation. These �ndings will facilitate further
analysis of the molecular mechanism of circRNAs in GCs, and provide insight into ceRNA interactions in
follicular development, which could help to improve egg production by Jinghai Yellow chickens.

Methods
Ethics approval

This study was reviewed and approved by the Institutional Animal Care and Use Committee of the
Department of Animal Science and Technology, Yangzhou University, China, and all chicken procedures
were performed according to the Standards for the Administration of Experimental Practices (Jiangsu,
China, 2008).

Chicken rearing and sample preparation

Jinghai Yellow Chickens were raised in Jiangsu Jinghai Poultry Industry Group Co., Ltd. (Nantong,
Jiangsu, China). After transfer to the laying house, hens were caged individually and provided with water
ad libitum and restricted food. A total of 300 hens were divided into two groups and exposed to a red LED
(RL, 660 nm) or a white LED (WL, 400-760 nm) for 16 h each day, with �ve subgroups in each group. The
light intensity was 15.0 lux as measured with a TES-1336A light meter (TES Electrical Electronic Crop.,
Taipei, China). Based on the pedigree record, six half-sibhens with an average body weight at 300 days of
age were selected. The hens were properly anesthetized with iso�urane and decapitated, SYFs were
collecte and washed carefully in cold phosphate-buffered saline (PBS; Gibco, USA) and collected. GCs
were collected as described previously [47], �ash-frozen in liquid nitrogen, and stored at -80°C.

RNA-seq preparation and sequencing

TRIzol reagent (Invitrogen, USA) was used to extract total RNA of GCs of SYFs, 1% agarose gel
electrophoresis was performed to assess the quality of total RNA, and a spectrophotometer at
wavelengths of 260 and 280 nm were applied to measure the concentration, purity and mass. Samples
with an RNA integrity number >9.0 and an OD 260/280 value of ~2.0 were used. A total of 5 μg RNA from
each sample was used to construct the circRNA library. Ribosomal RNA was removed, the library was
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built, and high-throughput RNA sequencing was performed by Shanghai OE Biotech Co., Ltd. (Shanghai,
China). 

Identi�cation of differentially expressed circRNAs

Bioinformatic methods were performed for quality control, and Q20, Q30 and GC content were calculated.
Clean reads were aligned to the reference genome by Bowtie2 and HISAT2 software [48]. CircRNAs were
identi�ed by �nd_circ [49] and CIRI2 [50], and expression levels of circRNAs were measured by mapped
backsplicing junction reads per million mapped reads. The DESeq package, fold changes of the same
circRNA in two groups ≥2, and p-value ≤0.05 were used to distinguish DE circRNAs.

Bioinformatics analysis

The potential functions of host genes of DE circRNAs and predicted target genes were analysed. The
clusterPro�ler package within R software was used for GO and KEGG pathway annotation [51].
Interactions of miRNAs and circRNAs were analysed by miRanda with a score of ³140 as a cutoff.
Targetscan and miRDB were used to predict target genes of miRNAs [52], and Cytoscape software was
applied to describe the miRNA-circRNA network [53].

RT-qPCR validation

 Total RNA was extracted from GCs of SYFs of hens using a mirVana RNA Isolation Kit (ABI, USA)
according to the manufacturer’s specifications. Quantification was performed with a two-step reaction,
and each reverse transcription reaction consisted of 0.5 μg RNA, 2 μL of 5× TransScript All-in-one
SuperMix for qPCR, and 0.5 μL of gDNA Remover in a total volume of 10 μL. Reactions were performed
using a GeneAmp PCR System 9700 (Applied Biosystems, USA) for 15 min at 42°C and 5 s at 85°C. The
10 μL reverse transcription reaction mix was then diluted 10-fold in nuclease-free water and held at -20°C.
PCR products for cDNA and genomic DNA were analysed by agarose gel electrophoresis and
backsplicing sites of circRNAs were con�rmed by Sanger sequencing at Sango Biotech Co. Ltd.
(Shanghai, China). Primer sequences were designed according to previous studies [22-23], and primers
for circRNAs and mRNAs are listed in Additional �le 6. RT-qPCR was performed using a LightCycler 480 II
real-time PCR Instrument (Roche, Switzerland) using a 10 μL reaction mixture containing 1 μL of cDNA, 5
μL of 2× PerfectStart Green qPCR SuperMix, 0.2 μL of forward primer, 0.2 μL of reverse primer, and 3.6 μL
of nuclease-free water. Reactions were incubated in a 384-well optical plate (Roche) at 94°C for 30 s,
followed by 45 cycles at 94°C for 5 s and 60°C for 30 s. Each sample was run in triplicate for analysis.
Using ACTB as a reference, relative expression levels of genes and lncRNAs were quanti�ed using the
2−ΔΔCT method [54].

Abbreviations
RL
red light
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WL
white light
GC
granulosa cells
SYF
small yellow follicle
DE
differentially expressed
Chr
chromosome
FSHR
follicle stimulating hormone receptor
EGFLAM
EGF-like �bronectin type III and laminin G domain
MAP3K5
mitogen-activated protein kinase kinase kinase 5
PIK3R1
phosphoinositide-3-kinase regulatory subunit 1
OPN4-1
photopigment melanopsin-like
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Figure 1

Pro�ling of circRNAs in GCs of SYFs of chickens under monochromatic light. (A) Splice length of
circRNAs. (B) Chromosomes of circRNAs. (C) Source of circRNAs.

Figure 2
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Features of DE circRNAs. (A) Number of DE circRNAs. (B) Volcano plot of DE circRNAs.

Figure 3

GO and KEGG analyses of host genes of DE circRNAs. (A) Top 10 GO enrichment terms in BP, CC, and MF
categories for host genes related to DE circRNAs. (B) Top 20 KEGG enrichment terms of host genes
related to DE circRNAs.

Figure 4

qRT-PCR analysis of circRNA expression. (A) Agarose gel electrophoresis of primers used to amplify
circRNAs. (B) Sanger sequencing con�rmation of the backsplicing junction of circRNAs. (C) RT-qPCR
validation of differeDEcircRNAs in GCs of SYFs. a, b, c, d, and e represent circRNAs circRNA_1946,
circRNA_0320, circRNA_0185, circRNA_0007, and circRNA_1481, respectively.
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Figure 5

Network analysis of circRNA-miRNA-mRNA interactions.
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