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Compared to Chinese domesticated duck, Muscovy duck is the only species that retains the broodiness charac-
teristic. Strong broodiness seriously limits its reproductive performance. In order to explore the molecular
mechanisms that regulate broody behavior in Muscovy duck, this study used whole genome resequencing
(WGRS) to obtain genomic variation sites of Muscovy ducks and conducted association analysis with broody
traits. A total of 6,131,623 Single Nucleotide Polymorphisms (SNPs)were obtained from 295 female Muscovy
ducks. After genome wide association study (GWAS) with the total broody days, average broody days, broody
frequency and the first day of broodiness, 39, 130, 29 and 138 significant SNPs were obtained, respectively. The
key genes annotated to these SNPs loci include NCOA6, MRPS22, SCAP, CRY2, CK16 and EZH1, which could be
candidate genes regulating the broodiness of Muscovy ducks. Functional analysis showed that over expression of
MRPS22 upregulated the expression of CYPI9AI1 to promote the synthesis of intracellular estradiol, and
downregulated the expression of CYP11A1 and 3p-HSD to inhibit the synthesis of progesterone to regulate
broodiness of Muscovy ducks. The genetic polymorphism results showed that MRPS22: g.19000662G>A was
significantly associated with average broody days. The average broody days in GA mutant ducks increased by an
average of 2.23 days compared to wild GG type, which can be used for molecular marker for broody behavior
selection. In conclusion, our study revealed MRPS22 regulated the broody performance by affecting the synthesis
of estradiol and progesterone, and g.19000662G>A in MRPS22 was significantly associated with average broody
days of Muscovy duck.

Introduction the hypothalamus-pituitary-gonadal (HPG) axis and a variety of endo-

crine hormones (Shen et al., 2012). Prolactin (PRL) is the most direct

Muscovy duck is an excellent meat-type duck with high lean meat
rate and tender meat, which is favored by world-wide consumers.
However, the strong broodiness reduced egg-laying and reproductive
performance of Muscovy duck, which severely limited its industriali-
zation (Wu et al., 2014; Ye et al., 2019). The broody behavior of poultry
is influenced by many factors. Geng et al. (2014) showed that the
broodiness rate of native laying hens under 16 and 18 h light was
significantly lower than 14 h and suggested that the photoperiod
(12L:2D:4L:6D) is optimal for the birds’ performance to give the lowest
broodiness rate. The broody behavior in poultry is mainly regulated by

Section: genetics and molecular biology.

hormone that causes broody behavior, and females begin to exhibit
broody behavior when PRL concentration is elevated in serum (Sharp
et al., 1988; Proudman and Opel, 1981). Gonadotropin-releasing hor-
mone (GnRH) binds to pituitary receptors to regulate the synthesis of
PRL, thereby participating in broodiness regulation (Chi et al., 1993; Wu
et al., 2015). High serum concentrations of follicle-stimulating hormone
(FSH) and luteinizing hormone (LH) promote egg production in poultry,
and lower concentrations may lead to broody behavior (Liu et al., 2015;
Cogger et al., 1979).

In addition to the above factors, avian broodiness is also mainly
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regulated by individual genetics (Romanov et al., 2002, 1999). PRL and
prolactin receptor (PRLR) genes have been reported to be involved in the
regulation of broody process in poultry (Jiang et al., 2005). Luan et al.
(2014) conducted the gene profiling on hypothalamic tissues of laying
period and ceased period Huoyan geese and showed that AdipoR2, Nrgl
and NCAM1 genes associated with GnRH secretion may play important
roles in regulating broody behavior in goose. Moreover, up-regulation of
LC3, Beclinl, and Atg9 gene expression increases autophagy in granulosa
cells, thereby affecting the goose broodiness (Yu et al., 2016). These
work help reveal the molecular mechanisms underlying the occurrence
and maintenance of broody behavior. In present study, we collected
phenotypic data of broody traits from 295 Muscovy ducks during the
entire laying cycle, and used genome-wide association analysis to
identify genetic loci significantly associated with broody traits. Finally,
we revealed the functions of the candidate genes in follicle granulosa
cells. The purpose of this study is to provide theoretical support for
genetic improvement and breeding of broodiness in Muscovy ducks.

Materials and methods
Ethics statement

All animal experimental procedures in this study were approved by
the Animal welfare committee of Anhui Agricultural University with the
assurance number SYDW-P20210823021.

Animals

A total of 295 female Muscovy ducks (28 weeks old) with similar
body weight were provided by Yongqiang Agricultural Science and
Technology Stock Co., Ltd., (Anqing, China). The ducks were raised in a
semi-open duck house with a combination of mechanical and natural
ventilation and thick bedding. Ducks were separated by small pens, with
1 male and 5 females per pen. All the ducks were free to feed and water,
and provided 16-18 h of light during laying (28 weeks -56 weeks). The
nutritional levels of ducks were met by the National Research Council
(NRQ).

Broody traits records

When the duck without egg laying for Sconsecutive days, it is
considered for broodiness. It is also judged by the broody behavior
shown as loose and disordered feather, spread tail feather and difficult to
drive away. The broody traits, including the total broody days (TBD), the
average broody days (ABD), broody frequency (BF), and the first day of
broodiness (FBD), were recorded by calculating days without egg laying
and behavioral performance.

Blood sample collection and DNA extraction

At 51 weeks of age, the blood samples were collected from Muscovy
ducks by venipuncture, and genomic DNA was extracted by phenol-
chloroform method. The concentration and purity of genomic DNA
were detected by NanoDrop 2000 spectrophotometer (Thermo Fisher,
USA), and the integrity was detected by agarose gel electrophoresis
(General Electric, USA).

Whole-genome resequencing

After the DNA test was qualified, all the samples were sequenced
using [llumina NovaSeq 6000 PE150 platform to generate 150 bp paired-
end fragments with an average sequencing depth of 10X. The sequencing
was performed by Novogene Technology Co., Ltd. (Beijing, China).
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Genomic alignment and variant calling

The raw reads were quality-controlled and filtered using
NGSQCToolkit v2.3.3 (Patel and Jain, 2012) software to remove reads
with adapters and low quality. Then, the clean reads were mapped to the
Muscovy duck reference genome (ASM1810499v1) included in the NCBI
database using BWA v0.7.17 software (Li and Durbin, 2009). The
mapping results were sorted to exclude duplicate reads using Samtools
(v1.9) (Daneceketal et al., 2021). SNPs and InDels were called using the
Haplotype Caller module in GATK (v3.8) (McKenna et al., 2010) and
were filtered with the following parameters: QD (Quality by Depth) <
2.0, FS (Fisher Strand) > 60.0, MQ (root mean square of Mapping
Quality) < 40.0, MQRankSum < -12.5, ReadPosRankSum < -8.0 and
SOR > 3.0. VCFtools v0.1.17 software (Danecek et al., 2011) was used to
perform quality control filtering on the SNP data to remove the influence
of false positive SNPs. After processing, all SNPs obtained were used in
the subsequent genome-wide association analysis.

Genome-wide association analysis

The univariate linear mixed model (LMM) in GEMMA v0.98.4 soft-
ware was used to identify SNPs associated with broody traits in Muscovy
ducks (Zhou and Stephens, 2012). The statistical model is listed as
follows:

y=Wa+xp+pu+e

Where y is the vector of individual phenotypes, W is the covariance
matrix, a represents a vector of corresponding effects comprising the
intercept, x is the vector of marker genotype, p denotes the estimate of
the marker/SNP additive effect, p represents the vector of random effect;
¢ is the vector of error. Manhattan plots and Quantile-Quantile plots
were generated using QQman software in the R language package. The
ENSEMBL website (http://www.ensembl.org/biomart/martview/) was
used to annotate SNPs that were highly correlated with broodiness in
Muscovy duck and obtain adjacent coding genes.

Enrichment analysis of annotated genes

The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) enrichment analysis were performed on the annotated
genes using the KOBAS 3.0 database (Xie et al., 2011). For GO enrich-
ment analysis: All annotated candidate genes were mapped to each term
in the Gene Ontology database, and the number of genes enriched for
each term was calculated, then the significance of the GO term was
calculated using hypergeometric distribution test. For KEGG pathway
analysis: the pathways enriched in annotated candidate genes were
determined based on the KEGG background database, and the signifi-
cance of the enriched pathways was calculated using the hypergeo-
metric distribution test. P < 0.05 was considered statistically significant.

Isolation and culture of follicle granulosa cells from Muscovy duck

The pre-hierarchical follicles of Muscovy duck were collected for
granulosa cell culture in vitro and the isolation process was referred to
the previously described method (Yang et al., 2023). Cells were cultured
in M199 complete medium (containing 10 % FBS, 1 % penicillin and
streptomycin) in a 37 °C, 5 % CO; incubator.

Plasmid construction and RNA oligonucleotides

The construction of MRPS22 gene overexpression and control vectors
were designed and synthesized by GenePharma Biotechnology
(Shanghai, China). Three small interfering RNA sequences targeting the
MRPS22 gene were designed using the website http://www.invivogen.
com/index.php (Table S1). Granulosa cells were transfected with
lipo2000 (Vazyme Biotech, China) and the samples were collected 48 h
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after transfection to screen out the siRNA with the best interference
efficiency for subsequent experiments.

Cell proliferation assay

The granulosa cells were seeded in 96-well plates and grown to 40 %
confluence. The si-MRPS22-3, siNC, pcDNA3.1-MRPS22, and pcDNA3.1-
NC were transfected to granulosa cells, respectively. 10 pL. CCK-8 re-
agent (Biosharp, China) was added to each well at 0, 24, 48, and 72 h
after transfection. The cells were incubated in a 37 °C, 5 % CO- incu-
bator for 3 h, and the D value at 450 nm was detected using a microplate
reader.

Cell apoptosis assay

The granulosa cells were seeded in 6-well plates and grown to 70 %
confluence. The above vectors were transfected into granulosa cells, and
samples were collected 48 h after transfection for cell apoptosis detec-
tion according to the instructions of the Annexin V-PE/7-ADD Apoptosis
Detection Kit (Vazyme Biotech, China). Flow cytometry (FACSCaliburc,
USA) was used to analyze cell apoptosis.

The detection of Cellular steroid hormone

The granulosa cells were seeded in 24-well plates. After 72 h of
transfection, the supernatants from all the samples were collected into
enzyme-free EP tubes and centrifuged at 1000 r/min for 3 min to remove
the precipitate. After concentrating the supernatant using a rotary
evaporator (Bio-Rad, USA), the concentrations of estradiol (E2) and
progesterone (P4) were detected by ELISA (Keshun Biotech, Shanghai).

Complementary DNA (cDNA) synthesis and quantitative real-time PCR
(qRT-PCR)

The total RNA of tissues and ovarian granulosa cells was extracted by
Trizol method and the purity and concentration of RNA were detected
by Nanodrop 2000 spectrophotometer (Thermo Fisher, USA). Reverse
transcription reaction was performed using cDNA synthesis kit (Yisheng,
China). qRT-PCR was performed using Hieff® qPCR SYBR Green Master
Mix kit according to the manufacturer’s instructions. The primers were
synthesized by General Biotech (General, China) and the sequences are
listed in Table S2.

Analysis of MRPS22 gene polymorphism

To identify the variant Loci on the exons of the MRPS22 gene, we
used direct PCR and restriction digestion methods to amplify and
sequence. PCR primers (F: AAGAACTCCAGAGACAGATG, R: CAGACA-
CAACCACTTCATTC) were designed using Primer Premier 6.0 software
based on the MRPS22 gene sequence published in the NCBI database.
PCR amplification was then performed and the product was sequenced
by Tsingke Biotech (Tsingke, China). Total volume of the PCR product
digestion system was 10 pL, including 1 pL PCR product, 1 pL Buffer, 0.2
pL Hpy188III restriction endonuclease, and 7.8 pL. ddH20. The digestion
reaction conditions were incubation at 37 °C overnight, heat inactiva-
tion at 60 °C for 1 h, and storage at 4 °C. The digestion effect was
detected by 1 % agarose gel electrophoresis.

Statistical analysis

Shapiro-Wilk was performed to analyze the normal distribution of
original data. Bonferroni multiple testing was used to determine
genome-wide significance thresholds in association studies. One-way
ANOVA analysis was used for the difference in tissue expression pro-
files, proliferation, apoptosis, and steroid hormone indicators of gran-
ulosa cells among different groups. The relative expression of mRNA was
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calculated by the 2 2ACT method (Livak and Schmittgen, 2001). The
data were analyzed using SPSS 25.0 software and presented as mean +
standard deviation. P < 0.05 was considered statistically significant.

Results
The broodiness characteristics of Muscovy duck

The average broody days for 295 Muscovy ducks were 37 days, and
the average broody frequency was 3 (Table 1). The different broody
traits showed a wide range of variation from 40.7 % to 55.5 %, indi-
cating rich genetic variation in Muscovy duck broodiness (Table 1). The
broody traits were approximately normally distributed, indicating that
broodiness are quantitative traits and the phenotypic data can be used
for subsequent genome-wide association analysis (Fig. 1A). In addition,
the correlation of phenotypic values was analyzed for the total broody
days, average broody days, broody frequency and the first day of
broodiness of 295 Muscovy ducks and significant correlations were
observed between different broody traits (Fig. 1B).

Genome-wide association studies for broody traits in Muscovy ducks

The whole genome of 295 F7 Y2 strain female Muscovy ducks were
re-sequenced, yielding a total of 12,263,999 SNPs, and 6,131,623 SNPs
were available for analysis after quality control, alignment and filtering.
After association analysis with the total broody days, average broody
days, broody frequency and the first day of broodiness, 39, 130, 29 and
138 significant SNPs were obtained, respectively. Specifically, SNPs
significantly associated with the total broody days were mainly
distributed on chromosomes 5, 7 and 28, and six genes were annotated,
including EZHI1, FNBP1, CNTNAP1 and RAMP2 genes (Fig. 2A,
Table S3); SNPs significantly associated with average broody days were
distributed on chromosomes 1, 5, 7, 11, 24 and sex chromosomes, with
nineteen genes annotated, including MRPS22, NCOA6, SLCO3A1 and
CK16 (Fig. 2B, Table S4); SNPs significantly associated with broody
frequency were distributed on chromosomes 2, 18, 22, and 28, and eight
genes were annotated, including ACAP3, FNBP1, and EZH1 (Fig. 2C,
Table S5); The SNPs significantly associated with the first day of
broodiness were mainly distributed on chromosomes 2, 18, 22 and 28,
and twenty genes were annotated, including SCAP, CD40, CRY2, CK16
and KIF21B (Fig. 2D, Table S6). The above genes may serve as candidate
genes for breeding of broody traits in Muscovy ducks.

Functional enrichment analysis of candidate genes located in SNPs

To predict the potential functions of these genetic variation sites, the
GO terms and KEGG pathway analysis were performed on 49 candidate
genes annotated in the broody traits of 295 Muscovy ducks. The GO
analysis results showed that a total of 15 terms were significantly
enriched, mainly including epithelial tube formation, regulation of
synaptic organization, vascular processes in the circulatory system,
response to nutrients, and rhythmic processes (Fig. 3A). The KEGG
pathway analysis showed that 6 pathways were significantly enriched (P
< 0.05), including one carbon pool by folate, Notch signaling pathway,
lysine degradation and metabolic pathways (Fig. 3B).

Table 1

Phenotypic analysis of broody traits in Muscovy ducks.
Traits Range Average CV (%)
TBD 0-99 37 51.3
ABD 0-39 12 40.7
BF 0-8 3 50
FBD 5-39 9 55.5
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Fig. 1. Frequency distribution and correlation analysis of broody traits in 295 Muscovy ducks. (A) Frequency distribution of broody traits. (B) Pearson’s Correlation
coefficient among the four broody traits. The value in the box represents the Pearson’s correlation coefficient between the any two broody traits. The red indicates
appositive correlation, and the white shows a negative correlation. TBD: total broody days, ABD: average broody days, BF: broody frequency, FBD: The first day

of broodiness.

\

Fig. 2. The Manhattan and quantile-quantile (QQ) plots of genome-wide as-
sociation analysis of broody traits. (A) Total broody days (TBD). (B) Average
broody days (ABD). (C) Broody frequency (BF). (D) The first day of broodiness
(FBD). For the Manhattan plot, the x-axis of each plot represents the respective
positions on each chromosome of each SNP, and the y-axis displays the negative
log10 of P-values for each SNP included in the GWAS. For the quantile-quantile
plot, the x-axis shows the expected-log10-transformed P-values, and the y-axis
represents the observed-log10-transformed P-values.

The linkage disequilibrium (LD) analysis of significant candidate regions

The population decay distance was calculated using PopLDdecay,
indicating that the decay distance of the Muscovy duck population was
118 kb (Fig. 3C). According to the GWAS results, the average broody
days had significant candidate regions on chromosomes 9 (Fig. 3D).
Linkage disequilibrium analysis was then performed on 118 kb upstream
and downstream of the key locus (g.19000662A>G) on duck chromo-
some 9 using Ldblockshow 1.4.2 (Fig. 3D). The g.19000662A>G locus
was located in the same block as the downstream MRPS22 gene, which
suggests that strong linkage between this locus and the downstream
MRPS22 gene (Fig. 3G). MRPS22 gene mutation causes premature
ovarian failure in animals (Franca and Mendonca, 2022, Chen et al.,
2018). Moreover, we examined the expression revel of MRPS22 gene in
the ovarian tissue of laying and broody Muscovy ducks, as well as its
expression in different follicles. RT-qPCR results showed that the
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Fig. 3. The functional enrichment analysis of candidate genes related to broody
traits and the linkage disequilibrium analysis of genetic loci. (A) GO terms
analysis for candidate genes related to broody traits. The x-axis indicates the
number of genes for each GO term; the y-axis corresponds to the GO terms. The
color of the bar represents the P-values. (B) KEGG pathway analysis for
candidate genes related to broody traits. The x-axis shows the gene ratio; the y-
axis represents KEGG pathways. The dot size represents the number of genes
enriched in the reference pathway, and the dot color represents the P-values.
(C) The decay distance of the Muscovy duck population. (D) Regional plots for
the loci ranging from 17.0 Mb to 23. 0 Mb associated with the average broody
days. (E) Tissue expression level of MRPS22 gene in the ovaries of laying and
broody ducks. (F) Tissue expression level of MRPS22 gene in different follicles.
(G) The linkage disequilibrium analysis of genetic loci from 18.883 Mb to
19.119 Mb associated with the average broody days. * P < 0.05, ** P < 0.01.
Abbreviations: SWF, small white follicle; LWF, large white follicle; SYF, small
yellow follicle; F1, F1 follicle; F2, F2 follicle; F3, F3 follicle; F4, F4 follicle; F5,
F5 follicle; F6, F6 follicle.

expression level of MRPS22 in the ovarian tissue of laying ducks was
significantly higher than that in brooding ducks (P < 0.05, Fig. 3E). In
addition, the expression level of MRPS22 gene in SYF (small yellow
follicle), F6 (F6 follicle) and F5 (F5 follicle) was significantly higher than
that in other follicles (Fig. 3F). Therefore, MRPS22 was selected as a
candidate gene related to broodiness in Muscovy ducks.
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Effect of MRPS22 gene on proliferation of granulosa cells

To investigate the effect of MRPS22 gene on granulosa cells, we
constructed MRPS22 interference and overexpression vectors. The vec-
tor transfection efficiency exceeded more than 60 % for the siNC,
interference and overexpression vectors (Fig. 4A-D). qRT-PCR results
showed that si-MRPS22-3 had the best interference effect (inhibition
efficiency of about 70 %), which was lower than si-MRPS22-1 and si-
MRPS22-2 (Fig. 4E), so si-MRPS22-3 was selected for subsequent ex-
periments. The mRNA expression levels of MRPS22 were significantly
higher after transfection with pcDNA3.1-MRPS22 than that in the con-
trol group (Fig. 4F).

MRPS22 gene interference and overexpression vectors were trans-
fected to explore the effect on granulosa cell proliferation. CCK8 results
showed that at 0, 24, 48, and 72 h of transfection, the OD value of the
MRPS22 interference group was not significantly different from that of
the control group and siNC group (P > 0.05, Fig. 4G), and similar results
were observed in the MRPS22 overexpression group (P > 0.05, Fig. 4H).
Then, qRT-qPCR was used to detect the expression levels of cell
proliferation-related genes CCND2, FOXM, and CDK2. The results
showed that proliferation-related genes were not significantly different
between the groups (P > 0.05, Fig. 4I-K). Therefore, the above results
indicate that the MRPS22 gene does not affect granulosa cell
proliferation.

Effect of MRPS22 gene on apoptosis of granulosa cells

Apoptosis of granulosa cells is the direct cause of follicular atresia in
Muscovy duck (Tao et al., 2024). The Annexin V-PE/7-ADD staining kit
were used to detect the effects of transfection of MRPS22 overexpression
and interference vectors on granulosa cell apoptosis. Flowjo analysis
showed that the percentage of apoptotic cells in the MRPS22 knockdown
group was not significantly different from that in the siNC group (P >
0.05, Fig. 5A and 5B). The apoptotic cell percentage of
pcDNA3.1-MRPS22 groups was not significantly different from that in
the pcDNA3.1-NC group (P > 0.05, Fig. 5C and 5D). The qRT-PCR results
also found that there was no significant difference in the expression of
apoptosis-related genes Caspase3, Caspase9 and Bcl-2 genes in each
group (P > 0.05, Fig. 5E-G). These data suggest thatMRPS22 gene does
not affect the apoptosis of granulosa cells.

“ —
— 1
—
—
COK2 mRNA expression 3¢

Fig. 4. Effect of MRPS22 gene on proliferation of granulosa cells. (A-C) The e-
GFP plots of cells in siNC transfection group (A), si-MRPS22-3 group (B) and
pcDNA3.1-MRPS22 (C). (D) Transfection efficiency plot of vectors. (E-F) Effi-
ciency detection of interference (E) and overexpression constructs (F). (G-H)
Cell growth was measured following the transfection of si-MRPS22-3 (G) and
pcDNA3.1-MRPS22 group (H) in granulosa cell. (I-K) Expression levels of cell
proliferation-related genes CCND2 (I), FOXM (J), and CDK2 (K) after trans-
fection with si-MRPS22-3 and pcDNA3.1-MRPS22 constructs in granulosa cells.
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Fig. 5. Effect of MRPS22 gene on apoptosis of granulosa cells. (A-B) The cell
apoptosis rate was detected at 48 h after transfection with siNC and si-MRPS22-
3 by the flow cytometry assay. (C-D) The cell apoptosis rate was detected at 48
h after transfection with pcDNA3.1-NC and pcDNA3.1-MRPS22 by the flow
cytometry assay. (E-G) The relative mRNA expression of Caspase3, Bcl2, and
Caspase9 at 48 h after transfection with si-MRPS22-3 and pcDNA3.1-MRPS22
constructs in granulosa cells.

Effect of MRPS22 gene on steroid hormone secretion in granulosa cells

After 72 h of plasmid transfection in granulosa cells, the supernatant
was collected to detect the expression levels of estradiol (E2) and pro-
gesterone (P4) in granulosa cells using ELISA. The intracellular E2 level
in the si-MRPS22-3 group was significantly lower than that in the siNC
group (Fig. 6A, P < 0.05), while the P4 content was significantly higher
than that in the siNC group (Fig. 6B, P < 0.05). Knockdown of MRPS22
also significantly suppressed E2/P4 levels in granulocyte supernatants
(Fig. 6C, P < 0.05). In addition, we also detected the changes in the
expression levels of steroid-related genes StAR, 38-HSD, CYP11A1, and
CYP19A1. qRT-PCR results showed that Knockdown of MRPS22 signif-
icantly decreased CYP19A1 expression levels (Fig. 6D, P < 0.05) and
significantly increased 34-HSD and CYP11A1 expression levels (Fig. 6E
and 6G, P < 0.05), whereas there was no significant change in StAR
expression levels (Fig. 6F, P > 0.05).

In contrast, pcDNA3.1-MRPS22 significantly promoted the intracel-
lular E2 level (Fig. 6A, P < 0.05) and significantly reduced the P4 con-
tent compared with the pcDNA3.1-NC group (Fig. 6B, P < 0.05).
pcDNA3.1-MRPS22 also significantly promoted E2/P4 levels (Fig. 6C, P
< 0.05). qRT-PCR results showed that MRPS22 overexpression signifi-
cantly promoted the expression level of CYP19A1 (Fig. 6D, P < 0.05) and
significantly decreased the expression level of 34-HSD and CYP11A1
(Fig. 6E and 6G, P < 0.05). Taken together, these data suggest that
MRPS22 promotes granulosa cell estradiol synthesis and inhibits pro-
gesterone synthesis.

Fig. 6. Effect of MRPS22 gene on steroid hormone secretion in granulosa cells.
(A-C) The expression levels of E2 (A), P4 (B) and E2/P4 (C) in granulosa cells
after transfection with si-MRPS22-3 and pcDNA3.1-MRPS22 constructs. (D-G)
The relative mRNA expression of CYP11A1 (D), CYP19A1(E), StAR(F) and 3p-
HSD (G) after transfection with si-MRPS22-3 and pcDNA3.1-MRPS22 constructs
in granulosa cells. * P < 0.05, ** P < 0.01.
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The polymorphism analysis of MRPS22 gene

The key locus (g.19000662A>G) on chromosome 9 of Muscovy duck
was associated with the broody trait of Muscovy duck and annotated to
the MRPS22 gene. Functional experiments confirmed that MRPS22 was
involved in the regulation of Muscovy duck broodiness. Therefore, this
study continued to verify the existence and polymorphism of this locus
in the MRPS22 gene. Restriction endonuclease typing and Sanger
sequencing were used to confirm the polymorphism of the MRPS22 gene
in Muscovy duck population. The amplified product was cut into two
bands of 64 bp and 196 bp after restriction endonuclease digestion
(Fig. 7D). Two bands were homozygous wild GG type, with 225 in-
dividuals and a genotype frequency of 0.76; one band was homozygous
mutation AA, with 4 AA type individual and a genotype frequency of
0.02; three bands were heterozygous mutation GA type, with 65 GA type
individuals and a genotype frequency of 0.22. The A gene frequency was
0.13, and the G gene frequency was 0.87. Moreover, Sanger sequencing
was used to verify the restriction digestion results (Fig. 7A-C), con-
firming the presence of polymorphism at this locus. The average broody
days of Muscovy ducks of each genotype was recorded and analyzed by
SPSS software. The results showed that the average broody days of the
AA type (19.25 days) and GA type (13.06 days) Muscovy ducks was
significantly higher than the GG type (10.83 days) (Fig. 7E, P < 0.05).

Discussion

Broodiness is a common characteristic of most indigenous poultry
and is associated with frequent nest occupancy, turning and retrieval of
eggs, aggressive or defensive behaviors, characteristic clucking, and
cessation of egg production (Jiang et al., 2010). Differences in broodi-
ness characteristics exist in different avain species. The average duration
of broodiness in Chinese indigenous chickens is approximately 20 days
(Jiang et al., 2005). Studies have shown that the broody duration of the
Zhedong White Goose, Sichuan White Goose and Carlos Goose was more
than 30 days. Among them, the average broody duration of the Sichuan
White Goose (49 days) was significantly higher than that of the Zhedong
White Goose (39.7 days) and the Carlos Goose (41.7 days) (Yao et al.,
2019). In addition, the broody proportion (100 %) and frequency (2
times) of the Zhedong White Goose were significantly higher than those
of the Sichuan White Goose (33.33 %, 1 time) and the Carlos Goose (19.4
%, 1 time) (Yao et al., 2019). Muscovy duck is the only domesticated
duck species that retains the broody behavior, and strong broodiness is
the main reason for reduced reproductive capacity (Wu et al., 2021). In
present study, we found that the average broody frequency of Muscovy
ducks was 3 times in a laying cycle, and the longest broody period was
99 days, which seriously affected the reproductive performance of
Muscovy ducks.

Yuan et al. (2015) used an F2 hens from White Leghorn and Dong-
xiang chickens reciprocal cross in a genome-wide association analysis to
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detect genetic variants and candidate genes associated with daily feed
intake and efficiency, showing that 20 SNPs were significantly corre-
lated with residual feed intake, 17 SNPs were correlated with feeding
efficiency, and the CAB39L gene was revealed as a candidate gene
affecting chicken feed intake. Wang et al. (2023) estimated the genetic
parameters of 399 purebred Laiwu black chickens by GWAS and found
that 421 SNPs were significantly associated with chicken egg-laying
performance, and NELL2, SMYD9, SPTLC2, SMYD3 and PLCL1 were
candidate genes affecting the egg-laying traits. In domestic ducks, the
THSD1, SLC6A4 and DGAT2 were identified as important candidate
marker loci associated with the neck ring of the Chinese Nonghua
mallard, which provided a reference for the genetic mechanism of duck
coat color (Wang et al., 2023). Another study revealed genomic regions
associated with red duck plumage by GWAS, and results showed that
ESRRG and SPATA5 were significantly associated with red plumage,
while GMDS, PDIA6 and ODC1 were significantly associated with brown
duck plumage (Zhang et al., 2024). However, the polymorphic loci and
gene functions related to broody traits in Muscovy ducks still remains
unclear. In present study, we used whole genome resequencing to obtain
the genome variant loci of Muscovy ducks, and screened 336 SNPs
affecting broody traits through association analysis, and annotated a
total of 49 candidate genes, including NCOA6, MRPS22, SCAP, CRY2,
CK15 and EZHIgenes, which provide the target for molecular
marker-assisted selection for broody traits.

Based on the association analysis between WGRS and broody traits,
the Manhattan plot showed a significant correlation between MRPS22
and broody trait. Moreover, Studies have shown that deletion of
MRPS22 in Drosophila germ cells results in decreased cell viability,
slowed ovarian development and sterility (Chen et al., 2018). In the
review of the genetic mechanisms of primary ovarian insufficiency,
Franca and Mendonca. (2022) showed that the MRPS22 gene contrib-
utes to premature ovarian failure by causing mitochondrial dysfunction.
Recent studies have shown that this may be due to the reduced ATP
production in MRPS22 mutants, which impairs mitochondrial function
and causes severe embryonic developmental delays (Cheong et al.,
2020). Therefore, this study selected MRPS22 as a candidate gene for the
regulation of broodiness in Muscovy ducks for further research.

We constructed MRPS22 gene overexpression and interference vec-
tors to transfect granulosa cells for functional assays, and the results
showed that MRPS22 significantly inhibited the expression of proges-
terone synthase encoding genes CYP11A1 and 3$-HSD, thereby inhib-
iting the secretion of P4 in Muscovy duck ovarian granulosa cells. The
ovaries regulate the reproductive system of female birds and promote
the production of ovarian follicles by secreting hormones. E2 and P4 are
key hormones that promote the continued development of follicles and
are widely expressed in the ovaries and oviducts (Taraborrelli, 2015). P4
in Muscovy ducks is mainly synthesized in the primary follicles, pro-
moting protease and collagenase to decompose follicle wall cells and
promote ovulation (Xiao et al., 2011). High doses of P4 feedback

Fig. 7. The polymorphism analysis of MRPS22 gene. (A-C) Sequencing results of wild-type GG (A), mutant-type AA (B), mutant-type GA (C). (D) The enzyme
digestion results of g.19000662A>G loci in MRPS22. (E) The average broody days for different genotypes of g.19000662A>G loci in MRPS22. * P < 0.05, **

< 0.01.
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regulate the hypothalamus and inhibit follicular development and
ovulation (Nakada et al., 1994). In addition, we also found that MRPS22
significantly promoted the expression of CYP19A1, a gene encoding
estradiol synthase, to promote estradiol secretion from ovarian gran-
ulosa cells. E2 is a steroid hormone that regulates sequence of ovarian
follicle growth and maturation. E2 is produced by granulosa cells of the
developing antral follicles in response to FSH to promote follicle growth
and maturation (Chauvin et al., 2022). It has been shown that E2 in-
duces dominant follicular atresia by decreasing granulosa viability and
steroid secretion (Hutz et al., 1990). Overall, our study suggests that
MRPS22 is involved in the regulation of broodiness in Muscovy ducks by
promoting estradiol synthesis in granulosa cells and inhibiting proges-
terone synthesis.

Broodiness is a polygenic control trait with low heritability. The
G+123A and C+1107T in chicken DRDI genes were significantly asso-
ciated with the broody frequency of Ningdu Sanhuang chickens, in
which the broody frequency of GG type (51.69 %) was significantly
higher than that of AA type (29.03 %), and the CC type (51.61 %) was
significantly higher than that of TT type (15.38 %) (Xu, et al. 2010).
Jiang et al. (2005) investigated the association between the poly-
morphism of PRL and PRLR genes and the broody characteristics of
blue-shelled chickens and found that a 24 bp insertion/deletion in the
promoter region of the PRLpro2 gene significantly affected the broodi-
ness of blue-shelled chickens. Another study reported the C+338T in
chicken VIP gene was associated with duration of broodiness (Zhou,
et al. 2010). In present study, we found that the MRPS22 gene
g.19000662G>A was significantly associated with the average broody
duration of Muscovy ducks, and the AA genotype duck (19.25 days) was
significantly higher than that of the GA type (13.06 days) and the GG
type (10.83 days). The strong broodiness of AA type will be continuously
eliminated in conventional breeding, resulting in a significant decrease
in the genotype frequency. Our study showed that g.19000662A>G
could be a candidate locus for molecular marker-assisted selection of
broody traits in Muscovy ducks.

Conclusion

A total of 336 SNPs were identified to be significantly associated with
broody traits in Muscovy ducks. The NCOA6, MRPS22, CRY2, CK14,
EZH1 and SCAP were identified to be candidate genes regulating the
broodiness of Muscovy ducks. MRPS22 regulates the broody perfor-
mance through promoting the synthesis of intracellular estradiol and
inhibit the synthesis of progesterone of Muscovy duck. Key genetic loci
(g.19000662G>A in MRPS22) was revealed to be significantly associ-
ated with average broody days.
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