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ABSTRACT The aim of the study was to explore the
regulatory mechanism of differences in embryonic
gonadal development between intergeneric distance
hybrid offspring Mulard ducks and parent ducks. The
morphological differences gonadal tissues of Muscovy
ducks, Pekin ducks and Mulard ducks at 12.5-day
embryonic age were observed by sectioning and hema-
toxylin-eosin (HE) staining. Then followed by tran-
scriptome sequencing to screen for gonadal
development-related differentially expressed circRNAs
and mRNAs to construct a competitive endogenous
RNA (ceRNA) regulatory network. Finally, qRT-PCR
and luciferase reporter system were used to verify the
sequencing data and targeting relationship of ceRNA
pairs. The results showed that the seminiferous tubule
lumen of Mulard ducks was not obvious, while there
were obvious seminiferous tubules and tubular struc-
tures in testis of Pekin ducks and Muscovy ducks, with
number and shape indicating maturity. There were 18
upregulated circRNAs and 16 downregulated circRNAs
in Mulard ducks and Pekin ducks, respectively, and 39
upregulated circRNAs and 1 downregulated circRNA in
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Mulard ducks and Muscovy ducks, respectively. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis found that genes involves in dorso-
ventral axis formation, for example, neurogenic locus
notch homolog protein 1 (NOTCH1), were signifi-
cantly enriched (P < 0.05). The novel_circ_0002265-
gga-miR-122-5p-PAFAH1B2 regulatory network was
constructed. The qRT-PCR results showed that the
sequencing results were reliable. The dual-luciferase
reporter assay showed that gga-miR-122-5p exists bind-
ing site of circ_0002265 and PAFAH1B2, indicating
circ_0002265-gga-miR-122-5p-PAFAH1B2 targeting
relationship. In summary, the embryonic gonadal devel-
opment of intergeneric hybrid Mulard ducks may be reg-
ulated by differentially expressed circRNAs and genes,
such as novel_circ_0000519, novel_circ_0003537,
NOTCH1, FGFR2, PAFAH1B1, and PAFAH1B2,
among which circ_0002265-gga-miR-122-5p-
PAFAH1B2 may participate in the targeted regulation
of gonadal development in Mulard ducks. The findings
of this study are helpful for analyzing the mechanism of
embryonic gonadal development differences in avians.
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INTRODUCTION

Mulard duck production is an advantageous charac-
teristic industry in Fujian Province, China. Research on
key technologies and applications for germplasm innova-
tion and efficient production of Mulard ducks has
yielded important achievements, such as germplasm
innovations and advances in feather grade and thus nat-
ural breeding and fertilization rate of parent ducks, thus
greatly improving the production performance of
Mulard ducks and parent ducks (Zheng et al., 2019,
2020). However, Mulard ducks are typical intergeneric
hybrid offspring that have strong heterosis, but Mulard
ducks cannot be used for breeding, and it is necessary to
artificially inseminate female domestic ducks with the
sperm of male Muscovy ducks. Therefore, the manage-
ment and feeding costs for Mulard ducks are high,
severely limiting the development of the Mulard duck
industry. Compared with the parent ducks, such as
Pekin ducks or Muscovy ducks, whose reproductive per-
formance is normal, Mulard ducks do not have a com-
plete reproductive system at sexual maturity,
manifesting as gonadal deficiency, directly leading to
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Mulard ducks having no practical value for breeding (Li
et al., 2020). The phenotypic characteristics depend on
embryonic development. Therefore, the regulatory
mechanism of gonadal development during the embry-
onic period of Mulard ducks is very important. The ste-
rility traits of Mulard ducks are unique, and the genes,
pathways and molecular regulatory mechanisms related
to embryonic gonadal developmental defects in these
ducks are still unclear.

Transcriptome sequencing (RNA-Seq) has been uti-
lized to investigate the reproductive and developmental
mechanisms in poultry. Numerous genes associated with
gonadal development have been identified through
screenings conducted by Bello et al. (2021), Hu et al.
(2021), and Zhang et al. (2023). MiRNAs are small mol-
ecule RNAs that do not encode genes but can regulate
gene transcription or post-transcriptional processes. Sev-
eral studies have demonstrated the significant role of
miRNAs in poultry reproduction. For instance, Guo et
al. (2021) found that miR-301a-5p regulates chicken
spermatogenesis through the transformation growth fac-
tor-beta 2 (TGFb2). Similarly, Yang et al. (2020) sug-
gest that miRNAs may have a potential role in the
development and reproduction of duck ovaries. Circular
RNAs (circRNAs) are noncoding RNAs with stable
and covalently closed loops (Memczak et al., 2013).
Research on circRNAs has been widely conducted. The
candidate noncoding RNAs are responsible for regulat-
ing Salmonella Enteritidis infection in duck preovula-
tory follicles (Zhang et al., 2021). The circRNA_3079
may indirectly regulate the avian leukemia virus J
(ALV-J) infection process (Yang et al., 2020). Fourteen
differentially expressed circRNAs affected the division
and differentiation of midgut stem cells of Apis mellifera
ligustica by regulating ame-miR-6001-3p (Guo et al.,
2018). CircRNAs may affect chicken lipogenesis by regu-
lating microRNAs (miRNAs) through peroxisome pro-
liferator-activated receptor (PPAR) and fatty acid
metabolism-related pathways (Zhang et al., 2020). pro-
posed that the ciR-PTPN23-miR-15a-E2F3 axis is
involved in the inhibition of H2S-induced cell prolifera-
tion and apoptosis in chickens (Hu et al., 2021). CircR-
NAs regulated lipid metabolism and adipocyte
proliferation and differentiation during chicken abdomi-
nal adipose tissue development through complex ceRNA
networks (Jin et al., 2021). circ-PLXNA1 played a role
in duck adipocyte differentiation through circRNA
expression profiling (Wang et al., 2020). Regarding poul-
try reproduction, several circRNAs related to follicular
development in chickens and identified estrogen receptor
1 (ESR1) as a key gene for follicular development (Shen
et al., 2020). The circRNA_0320/circRNA_0185 could
competitively adsorb miR-143-3p and then target the
follicle-stimulating hormone receptor (FSHR) gene to
regulate chicken granulosa cell differentiation and follic-
ular development (Wang et al., 2022). The apla-
circ_013267 can directly bind and inhibit apla-mir-1-13,
thus increasing the expression of recombinant thrombo-
spondin 1 (THBS1) and promoting granulosa cell apo-
ptosis, confirming that circRNA has potential effects on
duck follicles (Wu et al., 2020) showed that circ-13267 is
expressed in both the cytoplasm and nucleus of granu-
losa cells of duck follicles and that circ-13267 could
adsorb let-7-19 and target epidermal growth factor
receptor 4 (ERBB4), thereby promoting the apoptosis
of follicular granulosa cells (Wu et al., 2022). The com-
peting endogenous RNA (ceRNA) hypothesis proposes
that different intracellular regulatory RNAs, which con-
tain miRNA-binding sites, can be regulated by competi-
tively binding with RNA-induced silencing complex
(RISC) composed of miRNAs. As a result, they collec-
tively regulate the expression levels of mRNA. The
circRNA-miRNA-mRNA regulatory network is closely
associated with various growth and development pro-
cesses (Lei et al., 2022; Xiao et al., 2022; Zou et al.,
2020). circRNAs can act as ceRNAs (Hansen et al.,
2013) to regulate gene expression and thus control
traits.
Based on this, gonadal development-related differen-

tial expressed circRNAs and messenger RNAs
(mRNAs) were screened using normal gonad tissue of
male Muscovy ducks and female Pekin ducks as the
references in this study, ceRNA regulatory network was
constructed, in order to obtain the molecular genetic
mechanism of the gonadal development differences in
hybrid offspring Mulard ducks.
MATERIALS AND METHODS

Sample Collection

The experiment was carried out at the Institute of
Animal Husbandry and Veterinary Medicine, Fujian
Academy of Agricultural Sciences. In the pre-experi-
ment, we considered the different incubation periods of
the 3 duck varieties. The Muscovy duck has an incuba-
tion period of about 35 d, the Mulard duck is about 30 d,
and the Pekin duck is about 28 d. We collected duck
embryos at important developmental stages ranging
from E8 to E22. Through this process, we determined
that E12.5 is the optimal embryo age for collecting
gonads. E12.5 is not only during the critical period of
sex differentiation, but it is also the earliest time point
at which intact gonads can be collected from Muscovy
ducks. Thirty fertilized eggs of Mulard ducks, Pekin
ducks and Muscovy ducks were obtained, and incubated
under identical conditions. At the embryonic age of
12.5 days postcoitus (dpc), the embryonic eggs were
sterilized on an ultraclean bench, the duck embryos were
removed and rinsed repeatedly with sterile phosphate-
buffered saline (PBS) buffer (Wuhan Servicebio Tech-
nology Co., Ltd., Wuhan, China), and gonadal tissue
were dissected with the aid of a stereomicroscope
(Nikon, SMZ745T), microscopic scissors and micro-
scopic forceps. Twenty gonad samples were obtained
from each variety, of which 10 gonad samples were
placed in 4% paraformaldehyde fixative solution, and
the other 10 gonad samples were snap frozen in liquid
nitrogen and stored at �80°C for later use. The corre-
sponding muscle tissues for all samples were preserved
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for subsequent sex identification. This experiment was
approved by the Animal Experiment Ethics Committee
of the Institute of Animal Husbandry and Veterinary
Medicine, Fujian Academy of Agricultural Sciences
(FAAS-IAHV-AEC-2020-0310).
Identification of Sex

With the avian chromobox-helicase DNA-binding
gene (CHD1) sequence in the NCBI GenBank as the
reference, tissue DNA was extracted for sex identifica-
tion, with double bands indicating females (ZW type)
and a single band indicating males (ZZ type). The
primer sequences (50−30) were as follows: CHD1-F:
AGTGCATTGCAGAAGCAATATT and CHD1-R:
GCCTCCTGTTTATTATAGAATTCAT. Polymerase
chain reaction (PCR) amplification system was as fol-
lows: 45 mL of Platinum PCR SuperMix, High Fidelity,
1.0 mL of CHD1-R (10 mM), 1.0 mL of CHD1-F (10
mM), 2.0 mL of the genomic template, and 1.0 mL of ster-
ilized deionized water, in a total volume of a 50 mL. The
PCR amplification conditions were as follows: predena-
turation at 94°C (2 min), followed by 94°C (30 s), 56°C
(30 s), and 68°C (30 s), for 35 cycles.
Sectioning

The tissue was removed from 4% paraformaldehyde
fixative solution, rinsed with distilled water for 30 min to
remove excess formaldehyde, and cut into tissue blocks.
The tissue blocks were placed into a box for embedding
and numbered. Dehydration, clearing, dipping in wax,
embedding, sectioning, spreading, baking, dewaxing, and
rehydration were performed. For hematoxylin-eosin
(HE) staining, deparaffinization, washing, nuclear stain-
ing, color separation, cyanation, chromatin staining,
dehydration, clearing, and assembly were performed.
Library Construction, Library Inspection, and
Sequencing

RNA was extracted, and the quality of the RNA sam-
ples was analyzed. The circRNA strand-specific library
was constructed using a delinearization method; Qubit
was used for preliminary quantification, and the library
was diluted to 1 ng/mL. An Agilent 2100 bioanalyzer
was used to detect the insert length (250−300 bp) of the
library, and then, the effective concentration of the
library was accurately determined by quantitative PCR
(qPCR). After the library was qualified (effective con-
centration >2 nM), sequencing was performed on the
Illumina PE150 platform. Library construction and
sequencing were completed by Beijing Novogene Co.,
Ltd., Beijing, China.
Bioinformatics Analysis

The quality of the sequencing data was assessed using
the sequencing error rate, data volume, and mapping
rate to evaluate whether the library construction and
sequencing met the standards; subsequent analyses were
not performed unless the standards were met. When the
standard was not met, the library was rebuilt and
retested. After filtering the raw data, the sequencing
error rate was determined, the GC content distribution
was determined, clean reads for subsequent analysis
were obtained. TopHat2 was used to map the sequenced
data to the reference genome (http://www.ensembl.
org/Anas_platyrhynchos/Info/Index, BGI_duck_1.0
(GCA_000355885.1). circRNAs were identified using
FIND_circ software and CIRI software. DESeq2 was
used to analyze differences. After hierarchical cluster
analysis, Gene Ontology (GO) enrichment analysis and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
functional annotation were performed.
Validation of the Sequencing

The reliability of the sequencing results was verified
by real-time reverse transcription PCR (qRT-PCR).
Primer Premier 6.0 was used to design primers, and the
primers were synthesized by the Sangon Biotech (Shang-
hai) Co., Ltd., Shanghai, China. The primer sequences
are shown in Tables 1 to 3. circRNA and mRNA reverse
transcription was performed using a 20 mL system: X
mL of total RNA (100 ng−1 mg) (depending on the
actual extraction volume), 10 mL of 2 £ RT reaction
mix, and 2 mL of RT enzyme mix, brought to 20 mL
with RNase-free water. The reaction conditions were as
follows: 25°C, 10 min; 50°C, 30 min; and 85°C, 5 min.
The product was stored at �20°C for later use. miRNA
reverse transcription was performed using a 20 mL sys-
tem: X mL of extracted miRNA (50−1,000 ng), 1 mL of
dNTPs (10 mM), 1 mL of miRNA stem-loop primer (2
mM), 13 mL of RNase-free ddH2O, 4 mL of 5 £ first-
strand buffer, 1 mL of 0.1 M DTT, 1 mL of RNase inhibi-
tor (40 U/mL), and 1 mL of SuperScript III RNase (200
U/mL). The reaction conditions were as follows: 25°C, 5
min; 50°C, 15 min; and 85°C, 5 min. The product was
stored at �20°C for later use. The qPCR system was as
follows: 8.0 mL of SDW, 10.0 mL of Power SYBR Green
Master Mix, 0.5 mL of forward primer (10 mM), 0.5 mL
of micro-R (10 mM), and 1.0 mL of cDNA. The reaction
conditions were as follows: 95°C, 1 min; 95°C for 15 s
and 60°C for 25 s, for 40 cycles (fluorescence collection)
(55°C−95°C dissociation curve). The expression level
relative to the reference gene was calculated using the
2�44Ct method.
Validation of Targeting Relationship of
ceRNA Relationship Pair

gga-miR-122-5p and PAFAH1B2 were grouped as
follows: EP-1—miR-NC+pmirGLO-PAFAH1B2-Wt;
EP-2—miR-NC+pmirGLO-PAFAH1B2-Mut; EP-3—
miR-122-5p+pmirGLO-PAFAH1B2-Wt; and EP-4—
miR-122-5p+pmirGLO-PAFAH1B2-Mut. gga-miR-
122-5p and circ_0002265 were grouped as follows:
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Table 1. Primer sequences of circRNA and mRNA.

Gene GenBank accession Primer sequences (50−30) Size (bp) Annealing/°C

Duck GAPDH XM_005016745.2 GGAGCTGCCCAGAACATTATC 141 60
GCAGGTCAGGTCCACGACA

Duck PAFAH1B2 XM_027444425.1 GTGCTCTTCGTGGGTGACT 82 60
GTGCGTGGAGTGGTGAGA

circ0002265 CCATGATCAGGTCCATCTACTG 225 60
GAGCTCGCAGCTCTGTAGA

Duck UST XM_027454344.1 CAGTTCCACCTGCTAAAGCG 118 60
CCTCATCGTCTATGGGTTCCT

circ0003989 GGTCATCCCATCCAGCACAT 160 60
GAGGAAGTGGAGGCCTCTA

Duck CREB3L1 XM_027459265.1 CATCACAGACAGTGAAAGCAACAC 71 60
GAGGCTCCGTGACTGAATCT

circ0002177 CCAGTCAGCCAGAGACCAT 210 60
CTTTAGATCCAGCATCTAGCAGCAA

Duck NDUFB9 XM_038174320.1 GGGACAAGTACCGCTACCT 68 60
GTCCTTCACATCCTTGTTCTTATCG

circ0002795 GATGTGGTACCACGACCTGAA 137 60
CTGGGATGACTCTCCATCACT
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EP-1—miR-NC+pmirGLO-circ_0002265-Wt; EP-2—
miR-NC+pmirGLO-circ_0002265-Mut; EP-3—gga-
miR-122-5p+pmirGLO-circ_0002265-Wt; and EP-4—
gga-miR-122-5p+pmirGLO-circ_0002265-Mut.

For 3 dual-luciferase assay, duck embryo fibroblasts
were extracted for culture in a 24-well plate. After
reaching a confluence of approximately 80%, the cells
were transfected, based on the above experimental
groupings, with miRNA-NC or gga-miR-122-5p mimics
at 20 pmol/well and the recombinant plasmids pmir-
GLO-PAFAH1B2-Wt, pmirGLO-PAFAH1B2-Mut,
pmirGLO-circ_0002265-Wt and pmirGLO-circ_
0002265-Mut at 500 ng/well with Lipo3000 reagent.
The medium was replaced 6 h after transfection; 48 h
later, the cells were washed twice with PBS, and 250
mL of 1 £ PLB lysis buffer was added to each well to
lyse the cells on a shaker. LAR II reagent (100 mL) was
added to each well of a 96-well black plate, and 20 mL
of lysed cells was added, followed by reading. Stop &
Glo substrate (100 mL) was added within 10 s to pro-
vide internal reference readings. GraphPad Prism 5
software was used to analyze the results and plot
graphs.
Table 2. Sequence of stem ring primers for miRNA reverse transcript

miRNA

U6 GTCGTATCCAG
gga-miR-122-5p-RT GTCGTATCCAG
gga-miR-214b-3p-RT GTCGTATCCAG
gga-miR-365-1-5p-RT GTCGTATCCAG
gga-let-7i-RT GTCGTATCCAG

Table 3. Forward primer for real-time PCR of miRNA.

Gene Forward prim

gga-miR-122-5p-F GCGTGGAG
gga-miR-214b-3p-F CGCGCACA
gga-miR-365-1-5p-F GGACTTTT
gga-let-7i-F GCGCGTGA
U6-F CTCGCTTCG
Universal reverse primers (micro-R) AGTGCAGG
RESULTS

Identification of Males and Females

The gonads of male ducks were symmetrically distrib-
uted on both sides, and the left gonads of female ducks
gradually disappeared with gonadal development. How-
ever, at the embryonic age of 12.5 dpc, it was temporar-
ily impossible to distinguish between females and males
with the naked eye under a stereomicroscope. Therefore,
it is necessary to use female or male genes for sex identifi-
cation. In this study, the female gene CHD1 was used.
Three single-band male samples were selected for each
duck breed, that is, BF1, BF2, and BF3 for Mulard
ducks, B1, B2, and B3 for Pekin ducks, and F1, F2, and
F3 for Muscovy ducks.
Morphological Differences in Embryonic
Gonads Between Mulard Ducks and Parent
Pekin Ducks and Muscovy Ducks

The morphological differences between Mulard ducks
and the parents are shown in Figure 2. Mulard ducks
ion.

Stem ring primer sequence (50!30)

TGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAAATATG
TGCAGGGTCCGAGGTATTCGCACTGGATACGACACAAAC
TGCAGGGTCCGAGGTATTCGCACTGGATACGACTGCCTG
TGCAGGGTCCGAGGTATTCGCACTGGATACGACACATCT
TGCAGGGTCCGAGGTATTCGCACTGGATACGACACAGCA

er and universal primer (50−30) Annealing (°C)

TGTGACAATGGT 60
GCAAGTGTAGA 60
GGGGGCAGATGT 60
GGTAGTAGTTTG 60
GCAGCACA 60

GTCCGAGGTATT 60



Table 4. Summary of data quality and statistics of comparison.

Sample_name Raw_reads Clean_reads Raw_bases/G Clean_bases/G Q20/% Q30/% GCcontent/% Total mapped

BF1 88 347 436 87 273 712 13.25 13.09 98.01 94.25 49.53 66 096 582 (75.73%)
BF2 106 246 148 104 905 270 15.94 15.74 97.97 94.25 49.20 77 624 844 (74%)
BF3 88 259 882 87 107 522 13.24 13.07 98.16 94.74 48.71 66 689 926 (76.56%)
BJ1 103 915 850 102 714 788 15.59 15.41 98.16 94.64 49.68 89 402 515 (87.04%)
BJ2 101 824 858 100 713 822 15.27 15.11 98.10 94.44 47.59 88 875 687 (88.25%)
BJ3 104 669 896 103 516 328 15.70 15.53 98.19 94.81 49.08 90 274 644 (87.21%)
F1 106 867 756 105 328 090 16.03 15.80 98.15 94.74 48.78 67 180 376 (63.78%)
F2 92 794 782 91 434 968 13.92 13.72 98.29 94.99 50.08 57 816 779 (63.23%)
F3 96 607 494 95 297 670 14.49 14.29 98.29 95.09 49.06 61 078 250 (64.09%)

BF1, BF2, BF3 are 3 repetitions of Muscovy duck; BJ1, BJ2, BJ3 are 3 repetitions of Pekin duck; F1, F2, F3 are 3 repetitions of Mulard duck. The same
as below.
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had inconspicuous seminiferous tubule lumens, and
Pekin ducks and Muscovy ducks with normal develop-
ment had obvious seminiferous tubules in the testis,
with the number and shape indicating maturity. How-
ever, because of the long incubation period of Muscovy
ducks, seminiferous tubules at the embryonic age of 12.5
dpc were not fully differentiated, and there was a large
amount of interstitial space between the seminiferous
tubules. These results revealed histological differences in
embryonic gonadal development between Mulard ducks
and the parent ducks.
Data Quality Summary

TaggedAPTARAPA summary of the sequencing data is shown in Table 4.
After filtering, an average data volume of approximately
14.64 Gb was obtained for each sample, with Q20 above
97.97% and Q30 above 94.25%. An average mapping
rate of 75.54% was obtained for the filtered data when
mapping to the reference genome. These values met the
requirements for subsequent analyses.
Figure 1. Morphological differences in the gonads of the Mulard duck, P
duck, B and E. Pekin duck, C and F. Muscovy duck.
circRNA Identification and Differential
Analysis

The 3,362 circRNAs were identified in Mulard ducks
vs. Muscovy ducks (BF vs. F) and Mulard ducks vs.
Pekin duck (BF vs. B). Differentially expressed circR-
NAs were defined as having a fold change (FC) >2 and
a corrected significance level padj <0.05. Figure 1A
shows the heatmap of the distribution of differentially
expressed circRNAs. Figure 1B and C shows the volcano
map of differentially expressed circRNAs. Among them,
there were 34 differentially expressed circRNAs between
Pekin ducks and Mulard ducks, with 18 upregulated
circRNAs and 16 downregulated circRNAs, and there 40
differentially expressed circRNAs between Muscovy
ducks and Mulard ducks, with 39 upregulated circRNAs
and 1 downregulated circRNA. novel_circ_0000519,
novel_circ_0002459, novel_circ_0000519, novel_-
circ_0003537, novel_circ_0000988 and novel_-
circ_0004017 were the key differentially expressed
circRNAs and may be related to duck gonadal develop-
ment.
ekin duck and Muscovy duck at 12.5 embryonic ages. A and D. Mulard



Figure 2. CircRNA variance analysis. (A) Heat map of differential circRNA. (B) The volcano map of differential circRNA in BF vs FY. (C) The
volcano map of differential circRNA in BF vs FY. (D) Venn diagram of differential circRNA.
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Venn diagram of the intergroup comparisons shows that
there are 4 common differentially expressed circRNAs
(Figure 1D), namely, novel_circ_0000988, novel_-
circ_0000136, novel_circ_0004799 and novel_-
circ_0000236, which may be related to gonadal
development.
Functional Enrichment Analysis of
Differentially Expressed circRNAs

GO enrichment analysis (Figure 2A, B) indicated that
the genes were involved in biological processes, cellular
components and molecular functions. KEGG pathway
enrichment analysis found that in the BF vs. B group,
genes were significantly enriched in pentose and glucuro-
nate interconversions and dorso-ventral axis formation
(Figure 2C) (P < 0.05), specifically neurogenic locus
notch homolog protein 1 and 2 (NOTCH1 and
NOTCH2) in the dorso-ventral axis formation path-
way; the corresponding circRNA of NOTCH2 is novel_-
circ_0004017. In the BF vs. F group (Figure 2D), genes
were significantly enriched in the signal transduction
pathway by endocytosis (P < 0.05), including fibroblast
growth factor receptor 2 (FGFR2), vascular endothe-
lial growth factor receptor 1 (FLT1), ARF GTPase-
activating protein (GIT1), and ADP-ribosylation factor
GTPase-activating protein 2 isoform X1 (ARFGAP2).
circRNA-miRNA-mRNA Interaction Network

miRNAs, mRNAs with a targeting relationship and
negatively correlated with the miRNAs, and circRNAs
with a targeting relationship and negatively correlated
with miRNAs were screened; the coexpression targeting
relationships are shown in Table 5. circRNAs have
miRNA binding sites that can competitively bind miR-
NAs and indirectly regulate gene expression. ceRNA
(circRNA-miRNA-mRNA) relationship pairs are shown
in Figure 3A. KEGG pathway enrichment analysis of
the ceRNA regulatory network (Figure 3B) indicated
significant gene enrichment in glycosaminoglycan bio-
synthesis-chondroitin sulfate/dermatan sulfate and
ether lipid metabolism (P < 0.05). Among them, the
ether lipid metabolism pathway includes platelet acti-
vating factor acetylhydrolase 1b (PAFAH1B1,
101790091), platelet-activating factor acetylhydrolase
IB subunit beta (PAFAH1B2, 101794650) and platelet-
activating factor acetylhydrolase (PLA2G7, 101805094),
and a ceRNA relationship pair of novel_circ_0002265-
gga-miR-122-5p-PAFAH1B2 (XM_027444425.1) was
found. The glycosaminoglycan biosynthesis-chondroitin
sulfate/dermatan sulfate pathway includes uronyl 2-sul-
fotransferase isoform X1 (UST).
Validation of the Sequencing Results

novel_circ_0002265, novel_circ_0002177, novel_-
circ_0003989, novel_circ_0002795 and gga-miR-122-
5p, gga-miR-214b-3p, gga-miR-365-1-5p, gga-let-7i,
PAFAH1B2,NDUFB9, UST and CREB3L1 were used
to verify the sequencing data by qRT-PCR (Figure 4).
The results showed that except for the CREB3L1 and
NDUFBP genes in Mulard ducks and Muscovy ducks
and gga-miR-122-5p in Mulard ducks and Pekin ducks,
the trends of the relative expression of the other 21
circRNAs, miRNAs and genes were consistent with



Table 5. Coexpression targeting relationship of circRNA, miRNA, and mRNA(part).

miRNA_ID circ RNA_ID Correlation P value Targeted mRNA Correlation P value

gga-let-7i novel_circ_0002795 �0.86 696 0.000 261 XM_027447678.1 �0.85 733 0.000 365
gga-miR-122-5p novel_circ_0002265 �0.94 089 5.14E�06 XM_027444425.1 �0.85 494 0.000 394
gga-miR-129-5p novel_circ_0000168 �0.8 996 6.77E�05 TCONS_00049420 �0.94 099 5.10E�06
gga-miR-129-5p novel_circ_0000168 �0.8 996 6.77E�05 TCONS_00104285 �0.85 571 0.000 385
gga-miR-130a-3p novel_circ_0000859 �0.86 367 0.000 294 TCONS_00012426 �0.88 617 0.000 124
gga-miR-130a-3p novel_circ_0000859 �0.86 367 0.000 294 TCONS_00035234 �0.89 009 0.000 105
gga-miR-130b-3p novel_circ_0000859 �0.92 236 1.95E�05 TCONS_00028821 �0.9 451 3.58E�06
gga-miR-146c-5p novel_circ_0001987 �0.87 996 0.00 016 TCONS_00127928 �0.92 628 1.51E�05
gga-miR-146c-5p novel_circ_0001987 �0.87 996 0.00 016 TCONS_00127929 �0.92 628 1.51E�05
gga-miR-146c-5p novel_circ_0001987 �0.87996 0.00 016 TCONS_00249566 �0.87 729 0.000 178
gga-miR-146c-5p novel_circ_0003350 �0.87 083 0.000 227 TCONS_00127928 �0.92 628 1.51E�05
gga-miR-15c-5p novel_circ_0005817 �0.9 207 2.16E�05 TCONS_00146266 �0.87 139 0.000 222
gga-miR-15c-5p novel_circ_0005817 �0.9 207 2.16E�05 TCONS_00253428 �0.88 927 0.000 109
gga-miR-16-5p novel_circ_0001225 �0.85 325 0.000 417 TCONS_00062391 �0.92 424 1.73E�05
gga-miR-16-5p novel_circ_0001225 �0.85 325 0.000 417 TCONS_00256465 �0.88 547 0.000 128
gga-miR-200a-3p novel_circ_0002610 �0.92 148 2.06E�05 TCONS_00004391 �0.91 985 2.27E�05
gga-miR-200a-3p novel_circ_0002610 �0.92 148 2.06E�05 TCONS_00024687 �0.88 576 0.000 126
gga-miR-200a-3p novel_circ_0002610 �0.92 148 2.06E�05 TCONS_00080236 �0.91 135 3.71E�05
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those of sequencing results, indicating that the sequenc-
ing results were reliable.
Targeting Relationship Verification

The potential interaction sites of gga-miR-122-5p and
PAFAH1B2, gga-miR-122-5p and circ_0002265 were
predicted (Figure 5A, B). Reporter plasmids for the
potential interaction sites of circ_0002265 and
PAFAH1B2 were constructed, Wt and Mut vectors
were used to construct raw sequencing chromatograms,
as shown in Figure 5C and D, respectively, and the dual
luciferase reporter system was used to further verify the
Figure 3. Differential circRNA functional enrichment analysis. (A) GO
BF vs BJ. (C) KEGG functional enrichment of BF vs FY. (D) KEGG functi
interactions between circ_0002265 and gga-miR-122-
5p, gga-miR-122-5p and PAFAH1B2.
The results showed (Figure 6A) that compared with

that of the miR-NC/gga-miR-122-5p-Wt cotransfection
group, the relative fluorescence of the gga-miR-122-5p/
circ_0002265-Wt cotransfection group was lower (P <
0.05); compared with that of the miR-NC/
circ_0002265-Mut cotransfection group, the relative
fluorescence of the gga-miR-122-5p/circ_0002265-Mut
cotransfection group was lower, with no significant dif-
ference (P > 0.05), indicating that the mutation dis-
rupted the binding of gga-miR-122-5p, that is,
circ_0002265 has a gga-miR-122-5p binding site. The
enrichment histogram of BF vs FY. (B) GO enrichment histogram of
onal enrichment of BF vs BJ.



Figure 4. The sequencing results verified by qRT-PCR. (A) circRNA; (B) mRNA; (C) miRNA.
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results showed (Figure 6B) that compared with that for
the miR-NC/gga-miR-122-5p-Wt cotransfection group,
the relative fluorescence of the gga-miR-122-5p/
PAFAH1B2-Wt cotransfection group was lower (P <
0.01); compared with that for the miR-NC/
PAFAH1B2-Mut cotransfection group, the relative fluo-
rescence of the gga-miR-122-5p/PAFAH1B2-Mut
cotransfection group was lower, with no significant dif-
ference (P > 0.05), indicating that the mutation dis-
rupted the binding of gga-miR-122-5p, that is,
PAFAH1B2 has a gga-miR-122-5p binding site.
DISCUSSION

The expression of novel_circ_0000519 was signifi-
cantly lower in Mulard ducks than in Muscovy ducks
and was the only downregulated circRNA in the BF vs.
F group. The source of the difference was anabolic
androgenic steroids (AASs), which are synthetic sub-
stances that mimic the effects of testosterone, the male
sex hormone (Alrabadi et al., 2020). There were 4
common differentially expressed circRNAs, namely,
novel_circ_0000988, novel_circ_0000136, novel_-
circ_0004799 and novel_circ_0000236. Among them,
the expression of novel_circ_0000988 was significantly
lower in Mulard ducks than in Pekin duck, and the
source gene is MORC3. Scholars propose that MORC3
may play a role in gonadal development. Desai et al.
(2021) found that MORC3 may be involved in chroma-
tin compaction to silence transposable elements (TEs),
thus regulating gonadal differentiation and gene expres-
sion related to gonadal development (Chiang et al.,
2022). MORC3 is important for the transcription of P-
element-induced wimpy testis (PIWI)-interacting-
RNA (piRNA) precursors and subsequently affects
piRNA production and that the piRNA pathway plays a
crucial role in the suppression of TE by the de novo
methylation of DNA in mouse embryonic male germ
cells (Kojima-Kita et al., 2021). In poultry studies,
chicken piRNAs interact with PIWI proteins to regulate
spermatogenesis and germ cell proliferation and differen-
tiation (Guo et al., 2018). In addition to MORC3 in the
MORC family, Morc1 is specifically expressed in the



Figure 5. Prediction of novel_circ_0002265-gga-miR-122-5p-PAFAH1B2 binding sites. (A) gga-miR-122-5p and circ_0002265. (B) gga-miR-
122-5p and PAFAH1B2 3-UTR. (C) PAFAH1B2. (D) circ_0002265.
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germline of male mice and that its depletion leads to
male sterility and meiotic arrest (Inoue et al., 1999).
MORC2B-deficient mouse spermatocytes and oocytes
exhibited chromosomal mutation failure, could not
undergo meiotic recombination, and had an increased
apoptosis rate; that is, the loss of MORC2B resulted in
the dysregulated expression of meiosis-specific genes
(Shi et al., 2018). In conclusion, novel_circ_0000988
may play a role in the male gonads of Mulard ducks
through the MORC3 gene; however, this study did not
find a targeted miRNA, and the specific mechanism
needs to be further explored. Another circRNA, novel_-
circ_0004799, is expressed in the gonads of Mulard
ducks, and the expression of this circRNA is significantly
higher than that in Pekin ducks and in Muscovy ducks,
in which it is not expressed in the gonads, suggesting
that this circRNA may inhibit gonadal development.
Figure 6. Detection of luciferase activity of novel_circ_0002265
circ_0002265. (B) gga-miR-122-5p and PAFAH1B2.
The source gene is NCK interacting protein with SH3
domain (NCKIPSD), for which there are 12 target
miRNAs including gga-miR-16-5p. novel_circ_0000136
and novel_circ_0000236 are expressed in the gonads of
the 3 duck species, but the expression level is the highest
in Pekin ducks and lowest in Muscovy ducks; that is, the
up- and downregulation trends between the 2 groups are
inconsistent, and thus, these circRNAs will not be dis-
cussed further in this study.
The dorso-ventral axis formation pathway includes

the NOTCH1 and NOTCH2 genes. Studies have found
that the NOTCH1 gene is located on the X chromosome
of Drosophila melanogaster (Schulz, 2022) and found in
both the epididymis and vas deferens of mice; its expres-
sion decreases with the development of mouse testis
(Kumar et al., 2020), and only NOTCH1 is activated in
Sertoli cells (Liu et al., 2015). In this study, NOTCH1
-gga-miR-122-5p-PAFAH1B2 interaction. (A) gga-miR-122-5p and
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was negatively correlated with gga-miR-214b-5p, but
gga-miR-214b-5p was not found to target any circRNA.
NOTCH2 plays an important role in the breakdown of
germ cell syncytia in mouse ovarian follicles and the
coordination of somatic and germ cell growth (Vanorny
et al., 2014). In this study, NOTCH2 was correlated
with circRNA novel_circ_0004017, which was highly
expressed in Mulard ducks and not expressed in Pekin
ducks and Muscovy ducks, suggesting that novel_-
circ_0004017 may indirectly act on the NOTCH2 gene
to inhibit gonadal development; however, no intermedi-
ate miRNA was found in this study, and therefore, the
mechanism by which it targets the gene needs to be fur-
ther explored. In addition to the dorso-ventral axis for-
mation pathway, NOTCH genes are also involved in
signaling pathways. There was an interaction between
androgen and the Notch signaling pathway in Sertoli
cells (Kami�nska et al., 2020). Additionally, the Notch
signaling pathway significantly affects the reproductive
organ development of male mice (Lupien et al., 2006)
and may be an important pathway for the physiological
regulation of Sertoli cells, with these changes potentially
leading to disturbances in the response of Sertoli cells to
androgens (Kami�nska et al., 2020); however, differences
in the Notch signaling pathway were not significant in
this study. The above studies all suggest that the
NOTCH1 and NOTCH2 genes may affect male gonadal
development and then regulate Sertoli cell production
and androgen secretion. In the future, we will continue
to verify the targeting relationship between NOTCH1
and gga-miR-214b-5p, the mechanism of action of nov-
el_circ_0004017 on NOTCH2, and the function of
NOTCH1 and NOTCH2 in germ cells. Another signifi-
cantly enriched pathway was the endocytosis pathway,
in which the FGFR2 gene was differentially expressed
between groups. Studies have shown that FGFR2 regu-
lates FGFR9 activity in Sertoli cells during testicular
development (Rahmoun et al., 2017). FGF9/FGFR2 is
involved in mouse testis differentiation and is essential
for male gonadal development (Cen et al., 2020). Rela-
tive expression of FGFR2 was abnormally increased in
cryptorchid goats (Song et al., 2021). FGFR2b/c plays a
key role in vertebrate sex determination and can also
lead to FGFR2 mutation and cause gonadal sex reversal
(G�omez-Redondo et al., 2021). The conditional deletion
of FGFR2 can disrupt mouse testis differentiation (Kim
et al., 2007). Based on the results of these studies, it is
speculated that the FGFR2 gene may be involved in the
differentiation and development of duck testes. The dif-
ferentially expressed gene FGFR2 is the source gene of
circRNA novel_circ_0003537. In the future, the sample
size should be further expanded to verify the expression
of FGFR2 in the gonads of different duck breeds to
determine whether the lack of FGFR2 expression can
cause defective gonadal development in Mulard ducks.

After screening circRNA-miRNA-mRNA relationship
pairs, functional annotation was performed. The
ceRNA relationship pair in the glycosaminoglycan bio-
synthesis-chondroitin sulfate/dermatan sulfate pathway
was novel_circ_0003989-gga-miR-214b-3p-UST;
however, there have been no studies on the correlation
between the UST gene and gonadal development.
Another pathway is the ether lipid metabolism pathway,
which includes the genes PAFAH1B1, PAFAH1B2, and
PLA2G7. PAFAH1B hydrolyzes platelet-activating fac-
tor (PAF), which has been shown to affect sperm motil-
ity and acrosome function, thereby altering fertility
(Roudebush, 2001). PAFAH1B can activate CDC42 in
testis Sertoli cells and that CDC42 regulates testis-spe-
cific transcription factors through the MAP2K1-
MAPK1/3 signaling pathway; therefore, PAFAH1B is
an important gene for spermatogenesis (Liu et al., 2022)
showed that. miR-181c/d targets PAFAH1B, inhibits
germ cell proliferation, promotes Sertoli cell apoptosis,
and disrupts the blood-testis barrier (Feng et al., 2022).
The PAFAH1B complex is composed of PAFAH1B1
(also known as lissencephaly 1 (LIS1), PAFAH1B3 and
PAFAH1B2 (Arai et al., 2002). PAFAH1B1 deletion
significantly impairs CDC42 activity and spermatogene-
sis, downregulates DMRT1 and SOX9, and results in
almost no germ cells in the seminiferous tubules of mice
(Mori et al., 2021). Nayernia et al. (2003) integrated a
gene-deficient vector into intron 2 of the PAFAH1B1
gene, resulting in male infertility, reduced testes size,
and essentially sperm-free epididymis in homozygous
mutant mice. Yan et al. (2003) found that mice with an
alpha1 homozygous mutation had normal fertility and
normal spermatogenesis; however, alpha2 homozygous
deletion resulted in infertility in male mice, and both
alpha1 and alpha2 deletion in male mice caused earlier
spermatogenesis disorders, in addition to upregulated
PAFAH1B1 protein levels. Therefore, PAFAH1B may
participate in spermatogenesis as a signaling complex
through interactions with other intracellular proteins.
Male mice with mutations in both the alpha1 and alpha2
subunits were infertile due to severe spermatogenesis
impairment (Koizumi et al., 2003). To determine
whether the fertility of double-subunit knockout mice
can be restored, the overexpression of PAFAH1B1 had
no significant effect on spermatogenesis, different pro-
moters regulating PAFAH1B1 expression can affect
each stage of spermatogenesis, and the use of the 50-
UTR and 30-UTR in transgenesis may rescue genetic ste-
rility defects (Drusenheimer et al., 2011). While
PAFAH1B1 levels are reduced by inactivating
PAFAH1B1 alleles, the spermatogenesis and fertility of
male mice with alpha1 and alpha2 subunit mutations
could be restored (Yan et al., 2003). These studies have
shown that PAFAH1B is an important spermatogenesis
gene, PAFAH1B3 and PAFAH1B2 promote spermato-
genesis, PAFAH1B3 knockout does not affect fertility,
and the protein level of PAFAH1B1 increases and sper-
matogenesis is disrupted/Sertoli cell proliferation is pro-
moted after double-subunit mutation; that is, the
PAFAH1B family may affect sperm production. There-
fore, it is speculated that the genes PAFAH1B1 and
PAFAH1B2 may be key genes in duck gonadal develop-
ment. In this study, the novel_circ_0002265-gga-miR-
122-5p-PAFAH1B2 relationship pair was identified, and
the expression of gga-miR-122-5p was downregulated in
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Mulard ducks, indicating that novel_circ_0002265 may
regulate the expression of the PAFAH1B2 gene and
affect gonadal development by adsorbing gga-miR-122-
5p. In addition, this study also found that the
PAFAH1B2 gene was involved in metabolic pathways.
Although differences in some other pathways were not
significant, there were differential expressed genes
and relationship pairs, such as the CREB3L1
(XM_027459265.1) gene in melanin synthetic pathways
and the CREB3L1 gene in adrenergic signaling in cardi-
omyocytes. The NDUFB9 (XM_027447678.1) in the
oxidative phosphorylation pathway are also involved in
metabolic pathways. In this study, potential ceRNA
pairs that regulate duck gonadal development were
screened, but their specific functions in duck germ cells
need to be further explored.
CONCLUSIONS

The embryonic gonadal development of Mulard
ducks, an intergeneric distance hybrid offspring, may
be regulated by differentially expressed circRNAs
and genes, such as novel_circ_0000519, novel_-
circ_0003537, NOTCH1, FGFR2, PAFAH1B1, and
PAFAH1B2, and novel_circ_0002265-gga-miR-122-5p-
PAFAH1B2 may participate in the targeted regulation
of duck gonadal development in Mulard ducks. The find-
ings of this study are helpful for analyzing the mecha-
nism of embryonic gonadal development in avians.
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