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ABSTRACT Egg production is an important economic
trait in layer ducks and understanding the genetics basis
is important for their breeding. In this study, a genome-
wide association study (GW AS) for egg production traits
in 303 female Longyan Shan-ma ducks was performed
based on a genotyping-by-sequencing strategy. Sixty-two
single nucleotide polymorphisms (SNPs) associated with
egg weight traits were identified (P < 9.48 x 107), includ-
ing 8 SNPs at 5% linkage disequilibrium (LD)-based Bon-
ferroni-corrected genome-wide significance level (P <
4.74 x 10%). One hundred and nineteen SNPs were associ-
ated with egg number traits (P < 9.48 x 10), including
13 SNPs with 5% LD-based Bonferroni-corrected genome-

wide significance (P < 4.74 x 10°). These SNPs anno-
tated 146 target genes which contained known candidate
genes for egg production traits, such as prolactin and pro-
lactin releasing hormone receptor. This study identified
that these associated genes were significantly enriched in
egg production-related pathways (P < 0.05), such as the
oxytocin signaling, MAPK signaling, and calcium signal-
ing pathways. It was notable that 18 genes were differen-
tially expressed in ovarian tissues between higher and
lower egg production in Shan-ma ducks. The identified
potential candidate genes and pathways provide insight
into the genetic basis underlying the egg production trait
of layer ducks.
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INTRODUCTION

Ducks are the second most popular poultry after
chickens. In layer ducks, egg production is an important
economic trait because it determines the economic
income of poultry farmers (Bello et al., 2022). Egg pro-
duction traits including the age at first egg (AFE), egg
weight (EW), number of eggs laid (EN) and egg pro-
duction rate (EPR) are influenced by genetic and other
factors (Xu et al., 2022). For traits that are genetically
determined, heritability of EW and EN traits ranged
from medium to high, and AFE had low heritability
(Lin et al., 2016; Xu et al., 2022). In poultry, associated
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genetic markers can be used to dissect and quantify
genetic variations in egg production traits (Yuan et al.,
2015). Over the past 20 years, genome—wide association
studies (GWAS) have been effective and widely used
methods for dissecting the genomic variants associated
with traits (Tan et al., 2023) have revealed the genetic
basis for egg production traits in poultry, including
chickens (Liu et al., 2011; Wolc et al., 2012; Wolc et al.,
2014; Yi et al., 2015; Yuan et al., 2015; Zhang et al.,
2015b; Psifidi et al., 2016; Fan et al., 2017; Pértille et al.,
2017; Azmal et al., 2019; Kudinov et al., 2019; Liu et al.,
2019; Azmal et al., 2020; KARACAOREN, 2020; Khal-
tabadi Farahani et al., 2020; Lien et al., 2020; Tarsani et
al., 2020; Tarsani et al., 2021; Gao et al., 2022; Khalta-
badi Farahani et al., 2022; Wang et al., 2022; Fu et al.,
2023; Chen et al., 2024; Ma et al., 2024; Yang et al.,
2024), goose (Zhao et al., 2020; Gao et al., 2021) and
ducks (Liu et al., 2021; Xu et al., 2022). It can be seen
that the number of studies of GWAS in chicken egg pro-
duction traits is the largest, where more than 500 genes
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for chicken egg production traits have been identified in
the above-mentioned GWAS studies. Through GWAS,
different potential candidate genes for egg production
traits were identified in different chicken populations,
hens, broilers, meat-and-egg or crossbred chicken, such
as PRKAR2B, HMGA2, LEMD3, GRIP1, EHBPI,
MAP3K7, MYH (Khaltabadi Farahani et al., 2022),
AR, YIPF6, and STARDS for EW (Ma et al., 2024),
GDF15, BHLHE40, JUND, GDF3, COMP, ITPRI,
ELF3, ELL, CRLF1 and IFI30 (Tarsani et al., 2020),
and NEOI, ADPGK, and CYP11A1 (Fu et al., 2023)
for EN. Up to now, more than 580 quantitative trait loci
(QTLs) for the EN, EW, AFE and EPR traits in
chicken have been deposited in the Animal QTL data-
base (Hu et al., 2022).

One study in ducks showed that there were only 4 sin-
gle nucleotide polymorphisms (SNPs) on chromosome 3
significantly associated with EW were identified using
330 Fy ducks produced by reciprocal crosses of mallards
and Peking ducks with 9,584,532 SNPs (Liu et al.,
2021). In another GWAS for egg production traits in
laying ducks, 12 SNPs for AFE and 17 SNPs for EW43
on chromosome 25, and 9 SNPs on chromosome 2 and 3
SNPs on chromosome 29 for EW66 were found using
166 Shaoxing ducks with 6,746,746 SNPs (Xu et al.,
2022). Some genes for these 3 traits were identified,
including GRIK/, ARHGEF12, ACADS8, THYN1, CA2,
and GAMT. Research using GWAS for egg production
in ducks was relatively scarce, confirming a need to eluci-
date the candidate genes and genetic mechanisms.

The Longyan Shan-ma duck is the most popular
breed of laying ducks in China, with over 300 million of
these ducks are raised in southern China (Xia et al.,
2015; Xia et al., 2022). Based on the information from
the Ministry of Agriculture and Rural Affairs of the
People’s Republic of China selected and released 10
excellent agricultural germplasm resources for 2022
were selected and released (https://www.moa.gov.cn/
xw/zwdt/202305/t20230522 6428124.htm).The breed
is a local breed with one of the highest egg productions
in the world. The average laying EN more than was 330
at 72 weeks in Longyan Shan-ma duck of the high yield
line (Sun et al., 2020a). This study used a genotyping
by sequencing (GBS)-based GWAS assay to identify
candidate genes and signal pathways for egg production
traits (EN and EW) in the Longyan Shan-ma duck,
which will provide an understanding of the potential
genetic basis for egg production traits in layer ducks.

MATERIALS AND METHODS
Ducks and Phenotypes

This study was approved by the Longyan University
Ethics Committee. The animal trial was carried in
according to the Guidelines for Experimental Animals
established by the Ministry of Science and Technology
(Beijing, China).

Longyan Shan-ma female ducks of the fourth-genera-
tion high yield line were raised at the Longyan Shan-ma

Duck Original Breeding Farm, as described in previous
studies (Sun et al., 2023a,b). Birds were incubated at
the same time, the starting and growing periods of 20
individuals raised in a large cage and underwent the lay-
ing period in individual cages. A total of 288 individuals
with complete egg production records were used in this
study. From 19 weeks to 44 weeks, the egg number of
each individual was recorded as EN19 to EN44. Egg
numbers in different stages were calculated as EN20 to
EN24, EN25 to EN29, EN30 to EN34, EN35 to EN39,
and EN40 to EN44. The egg weight at 23, 29, 33, 37, 40,
and 43 weeks of age was based on the weight of the eggs
collected in 5 days. Average egg weight (EWA) and
total egg weight (EWT) were based on above-men-
tioned egg number and egg weight traits.

Genomic Sequencing, Quality Control, and
Imputation

Genomic sequencing, quality control, and imputation
have been described elsewhere (Sun et al., 2023a,
2023b). Briefly, the blood of each duck was sampled
from the brachial vein at the wing using citrate-based
anticoagulant syringes. The concentration and quality
of each individual genomic DNA (gDNA) was
extracted by the traditional phenol-chloroform method
and was used for the GBS-based library construction.
The DNA Libraries were sequenced as 150 bp and
paired-end on an Illumina Novaseq platform (Illumina,
Inc., CA). After removing adapters, poly-N reads and
low-quality reads from raw data, clean data were
obtained and aligned to the duck reference genome
ZJU1.0 (https://ftp.ncbi.nlm.nih.gov/genomes/all
GCF/015/476/345/GCF 015476345.1 -7ZJU1.0
GCF _015476345.1 7ZJU1.0 _genomic.fna.gz) using
Burrows-Wheeler Aligner software (Version bwa-0.7.17)
(Li and Durbin, 2009). With the parameters as “-q 1 -C
50 -t AD, DP -m 2 -F 0.002,” the raw SNP sets were
called by SAMtools software (Version 1.10) (Li et al.,
2009), and SNPs further annotated using ANNOVAR
tool (Wang et al., 2010).

Quality control of samples and SNPs were performed
using Plink (version 1.9) (Renteria et al., 2013) through
excluding them for failing to meet one or more of the fol-
lowing conditions including: sample call rate less than
80%, SNP call rate less than 90%, minor allele frequency
(MAF) less than 5%, Hardy-Weinberg equilibrium test
P < 10°, and SNPs on the Z chromosome. Missing geno-
types of SNPs were then imputed using Beagle software
(version 5.4: 22Jul22.46e) (Browning et al., 2018) with
the default parameter.

Genetic Parameter Estimation

Based on the genetic relationship matrix between
pairs of samples, genetic parameters of egg production
traits, SNP-based heritability (h®) and genetic correla-
tion (r,), were estimated with restricted maximum like-
lihood and bivariate genome-based restricted maximum
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likelihood analysis methods using GCTA software (Ver-
sion gcta-1.94.1-linux-kernel-3-x86_64) (Yang et al.,
2013). The phenotypic correlations (r,) were calculated
using IBM SPSS Statistics 19.0 software (IBM Corp.,
Armonk, NY). Plots of phenotypic and genetic correla-
tion were drawn with by “corrplot” package in R soft-
ware (v4.2.3).

Association Analysis

SNPs-trait association analysis was performed using
an univariate linear mixed model (LMM) based on all
SNPs in autosomes using the GEMMA software, v0.98.4
(Zhou and Stephens, 2012). The same software was used
to calculate the centered kinship matrix (K) based on all
SNPs in autosomes using GEMMA v0.98.4 software.
The statistical model was calculated as:

}/ilm = /’Li+Kl+ Gm+ €ilm

where Y, was phenotypic values, u; was the common
mean, K; was the kinship matrix, G}, was the effect of the
SNP and e, was the random residual. The trait values
were treated as numerical values. The significance of the
associations was determined with a Wald test. Based on
the previous principal components (PCs) analysis for the
population of ducks (Sun et al., 2023b), the corresponding
number of PCs were not included in the model. Circle
Manhattan plots and Quantile-Quantile (QQ) plots for
the GWAS results were generated with the CMplot pack-
age (https://cran.r-project.org/web/packages/CMplot/
index.html) using R software version 4.2.3.

Function Enrichment Analyses of Identified
Associated Genes

Gene Ontology (GO) term and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment
analyses for our GWAS identified egg production trait
associated genes were performed using the KOBAS web-
based software (Version 3.0) (Bu et al., 2021).

Expression Levels of Identified Associated
Genes in Ovarian Tissue Between Higher
and Lower Laying Ducks

Expression levels of egg production traits-associated
genes in ovarian tissue between higher and lower laying
ducks were in Longyan Shan-ma ducks (Sun et al.,
2020c) and Shan-ma ducks (Chang et al., 2024). Long-
yan Shan-ma ducks were obtained from the Longyan
Shan-ma Duck Original Breeding Farm (Longyan,
China), and Shan-ma ducks were raised in Zhoukou Gui-
liu Breeding Duck Breeding Co., Ltd (Zhoukou, China).
The egg productions of higher and lower laying ducks
had significant differences in these ducks (Longyan
Shan-ma ducks, 360 & 13 VS 300 £ 13, from first laying
to 497 days; Shan-ma ducks, 215 £ 8 VS 159 + 21, from
120 days to 350 days). The detailed information for egg
productions, RNA extraction and sequencing were

descripted in previous studies (Sun et al., 2020c; Chang
et al., 2024). The RNA-seq raw data were obtained from
National Center for Biotechnology Information (NCBI,
accession number: PRJNA601181) and China National
Center for Bioinformation (CNCB, accession number:
PRJCA016268). Clean Data were acquired from raw
data after removing adapter and low-quality reads using
Fast QC software (Version 0.12.0, website: https:/
github.com/s-andrews/FastQC). Then clean data were
mapped to the duck reference genome (ZJU1.0) using
HISAT software (Version 2.2.1) (Kim et al., 2015; Zhang
et al., 2021). Expression level of each gene in each sam-
ple were obtained using StringTie software (Version
2.2.0) (Pertea et al., 2015). Differentially expressed
genes (DEGs) were determined using DESeq2 package
(Love et al., 2014). Significant DEGs were obtained
with the genes fold change |logsfold change | equal to or
exceeding 1, and P < 0.05.

RESULTS
Phenotype and Genotype Data

Total 40 EW and EN traits were recorded and calcu-
lated, and the descriptive statistics are shown in
Table 1. The EWA and EN44 of Longyan Shan-ma
duck was 65.59 g and 155.18, respectively. Relatively
large variations were found in EWT and EN traits,
whit coefficient of variation (C.V.) values ranging from
13.75 to 31.80.

For the genotype sequencing quality of gDNA sam-
ples, read quality scores of the Q20 (1 error in 100) were
more than or equal to 93.89%, and Q30 (1 error in 1000)
ranged from 84.38% to 91.39% in Table S1. The map-
ping rate of clear data are not less than 96.88% in
Table S2, showing that the sequencing quality and map-
ping rate of genotype data could meet the subsequent
research needs.

After quality control of samples and SNPs, 62,266
SNPs were distributed on 1 to 29 chromosomes in an
SNP density plot (Figure 1), and 303 female ducks were
used for further study. A genome-wide significance and
suggestive significance threshold of 4.79 x 10 (0.05/
10,428) and 9.59 x 107 (1/10,428) respectively, were
determined using 10,428 independent SNPs based Bon-
ferroni correction to reduce false positive probability,
with detail described in the previous studies (Sun et al.,
2013; Sun et al., 2023a).

The heritability of egg weight and egg number traits
varied from 0.00 =+ 0.05 to 0.31 £ 0.11 (Table 1). Posi-
tive phenotypic correlations were found amongst EW
traits and EN traits (Figure S1). Strong positive genetic
correlations were identified amongst most egg weight
traits, and egg number traits, such as EW20 and EW23,
EN23 and EN29 (Figure S2).

GWAS Results

QQ and Manhattan plots were used to visualize the
GWAS results. It can be seen from the QQ plots that
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Table 1. Descriptive statistics and heritability of egg weight and
egg number traits.

Trait N Mean SD Min Max C.V. h?

EW20 (g) 282 56.84 4.74 4272 7110 834 0.18%0.11
EW23 (g) 285 60.38 4.62 4220 7462 7.65 0.09+0.07
EW29 (g) 283 6579 4.81 50.68 80.80 7.31 0.15=£0.10
EW33(g) 281 6820 4.94 4865 86.00 7.25 0.07+0.08
EW37(g) 286 6898 4.55 5246 81.06 6.59 0.31+0.11
EW40 (g) 277 6924 4.84 5136 81.68 6.99 0.19=£0.10
EW43 (g) 274 70.12 4.68 56.12 83.60 6.68 0.23+0.12
EWA (g) 288 6559 3.94 5303 7853 6.01 021+0.11
EWT (kg) 288 1020 1.65 4.92 13.66 16.19 0.1040.07
EN19 288 407 129 0 5 31.8  0.03 4+ 0.06
EN20 288 995 278 0 12 27.96 0.02 £ 0.06
EN21 288  16.10 392 0 19 24.32  0.08 £ 0.08
EN22 287 2240 476 2 26 21.25 0.08+0.08
EN23 287 2855 555 4 33 19.42  0.08 £ 0.08
EN24 287 3461 638 5 40 1844  0.11 £ 0.09
EN25 287 4077 7.08 7 47 17.37  0.13 £ 0.09
EN26 287 46.85 7.82 14 54 16.68 0.13 £ 0.09
EN27 287 5270 870 19 61 16.51  0.14 £0.10
EN28 288 5854 9.66 23 68 16.50 0.13+0.10
EN29 287  64.60 10.25 26 75 15.86 0.08 £ 0.08
EN30 286  70.84 10.75 32 82 15.17  0.04 £0.07
EN31 287  76.77 11.81 29 89 15.38  0.02 £ 0.06
EN32 287 82.81 1253 32 96 15.14  0.00 £ 0.05
EN33 287  88.76 13.30 37 103 14.98  0.00 £ 0.05
EN34 287  94.74 13.98 41 110 14.75  0.00 £ 0.06
EN35 287 100.64 1452 48 117 14.43  0.00 £ 0.06
EN36 287 106.63 15.15 55 124 14.21  0.00 £ 0.06
EN37 287 112.74 1573 62 131 13.95  0.00 £ 0.06
EN38 287 11899 16.37 65 138 13.75  0.00 £ 0.06
EN39 288 125.07 17.38 61 145 13.89  0.00 + 0.05
EN40 288 131.20 18.11 66 152 13.81  0.00 £ 0.05
EN41 288 137.31 1898 72 159 13.82  0.00 £ 0.05
EN42 288 143.42 19.95 76 166 13.91  0.00 £ 0.06
EN43 288 149.17 20.95 81 173 14.04  0.00 £ 0.06
EN44 288 155.18 21.89 81 180 14.11  0.00 £ 0.06
EN20 24 287 30.53 578 1 35 18.93  0.09 + 0.08
EN25 29 287 30.06 6.13 6 35 20.38 0.03+0.06
EN30 34 287 30.16 659 3 35 21.86  0.00 & 0.05
EN35 39 287 30.66 632 5 35 20.61 0.00 & 0.06
EN40 44 287 3022 747 0 35 24.73  0.00 & 0.06

there were no obvious statistic deviates of the observed
distribution from the expected distribution of all traits
GWAS results (Figure S3). One hundred and 2 associa-
tions were identified for egg weight traits, distributed on
chromosomes 1-5, 7, 10—14, 18, 20, 21, 24, 25, 29, seen in
Figure 2 and Table S3. These associations contained 10
with Bonferroni-corrected genome-wide significance, and
92 with genome-wide suggestive significance. Ten
genome-wide significance associations were involved with
8 SNPs distributed on chromosomes 1, 2, 11, 20, and 25,
including chr1:204589614:A>C, chr1:204589589:A>G@,
chr2:158970332:G>C, chr11:12633344:A>G,
chr20:1616158:C>T, chr25:568645:C>T, chr25:604153:
C>T, and chr25:634286:G>A. There were 92 genome-
wide suggestive significance associations involved with 59
SNPs and their 44 genes (Table S3). Previous studies
have shown that some gene functions were related to fol-
licular and ovarian development, such as HYDIN axone-
mal central pair apparatus protein (HYDIN) (Chen et
al., 2023), collagen type I alpha 2 chain (COL1A2)
(Zhou et al., 2020), FTO alpha-ketoglutarate dependent
dioxygenase (FTO) (Yang et al., 2012; Zang et al.,
2023), and forkhead box L1 (FOXL1) (Uhlenhaut and
Treier, 2011).

Forty hundred and fourteen associations were associ-
ated with egg number traits (Figure 3), including 17
Bonferroni-corrected genome-wide significance associa-
tions, and 397 genome-wide suggestive significance asso-
ciations, distributed on chromosomes 1-7, 9, 10, 12—15,
21, 22, 25, 27 (Table S4). These genome-wide signifi-
cance and suggestive associations were involved in 119
SNPs and their 98 nearby genes. For these genes, some
of them were the known candidate genes for egg produc-
tion traits, such as prolactin (PRL) (Wang et al., 2011;
Zhang et al., 2015a; Chuekwon and Boonlum, 2017; Bai
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Figure 1. SNP density plot.
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Figure 2. Circular-Manhattan plot for egg weight traits. From inner circle to outer circle, EW20, EW23, EW29, EW33, EW37, EW40, EW43,

EWA, and EWT.

et al., 2019) and prolactin releasing hormone receptor
(PRLHR) (Liu et al., 2019) and some had functions are
related to ovarian and follicular, such as forkhead box
O1 (FOXO01), plakophilin 4 (PKP4), and protein
kinase cGMP-dependent 1 (PRKG1) (Shi and LaPolt,
2003; Struk et al., 2019; Gad et al., 2020).

Function Enrichment Analyses of Identified
Associated Genes

The EW and EN traits associated genes identified by
the GWAS were significantly enriched in 41 GO terms
(corrected P-value < 0.05) (Table S5). In cellular compo-
nent ontology, 43 genes were mainly enriched in cyto-
plasm, 43 genes in plasma membrane, 29 genes in
nucleoplasm, 28 genes in integral component of mem-
brane. A total of 49 genes were enriched in biological
process ontology, such as 13 genes in positive regulation
of transcription by RNA polymerase II, 9 in the Regula-
tion of transcription by RNA polymerase II, and 9 genes
in the positive regulation of transcription, DNA-tem-
plated. In molecular function ontology, 95 genes were
enriched in protein binding.

Twenty-eight egg weight and egg number traits asso-
ciated genes identified by this GWAS were significantly
enriched in 32 pathways (P-value < 0.05) (Table S6).
Fourteen genes including arginine vasopressin receptor
1B (A VPR1B), calcium/calmodulin dependent protein
kinase 1IG (CAMKI1G), COL1A2, FOXOI, glycine
receptor alpha 1 (GLRA 1), potassium inwardly rectify-
ing channel subfamily J member 3 (KCNJ3), MYC

proto-oncogene, bHLH transcription factor (MYC),
nuclear factor of activated T cells 1 (NFATC1), neuro-
medin U receptor 2 (NMURZ2), PRL, PRLHR, tachyki-
nin receptor 2 (TACRZ2), transforming growth factor
beta receptor 2 (TGFBR2), and vascular endothelial
growth factor A (VEGFA) enriched in 8 pathways
have been verified to play an important role in egg pro-
duction in ducks, including AGE RAGE signaling path-
way in diabetic complications (Yan et al., 2022),
neuroactive ligand-receptor interaction (Yan et al.,
2022; He et al., 2023; Chang et al., 2024), relaxin signal-
ing pathway (Yan et al., 2022), oxytocin signaling path-
way (Qiu et al., 2020; Lu et al., 2021), MAPK signaling
pathway (Bao et al., 2020; Zou et al., 2020; Bello et al.,
2021; Bhavana et al., 2022; Yan et al., 2022; He et al.,
2023; Zhang et al., 2023; Xin et al., 2024), calcium sig-
naling pathway (Tao et al., 2017; Bao et al., 2020; Sun
et al., 2020b; Bello et al., 2021; He et al., 2023; Xin et al.,
2024), PI3K-Akt signaling pathway (Bao et al., 2020;
Ma et al., 2022; Yan et al., 2022; Zhang et al., 2023),
and TGF-beta signaling pathway (Zhu et al., 2017;
Zhang et al., 2023).

Egg Production Traits Associated Genes
Ovarian Tissue Expression

Based on the regulatory role of the ovarian tissue in
egg production in duck (Tao et al., 2017; Bao et al.,
2020; Sun et al., 2020c; Bhavana et al., 2022; Chang et
al., 2024), 18 egg production traits-associated genes
obtained by this GWAS were differentially expressed
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Figure 3. Circular-Manhattan plot for egg number traits. From inner circle to outer circle, EN 19 to EN44, EN20 to EN24, EN25 to EN29,
EN30 to EN34, EN35 to EN39, and EN40 to EN44.

between Shan-ma ducks with higher and lower egg pro-

duction (Table 2). Seven up-regulated expressed genes
included NMURZ2, transmembrane protein 272
(TMEMZ272), GLRA1, N-deacetylase and N-sulfo-
transferase 4 (NDSTY4), PRL, anoctamin 4 (ANO4),
and leucine rich repeat and fibronectin type III domain

Table 2. Eighteen egg production traits associated genes differ-
entially expressed in ovarian tissue between higher and lower

Shan-ma ducks.

Breed Gene LogyFoldChange Pvalue

Longyan Shan-ma NMUR2 6.20 2.34 x 10°°
Longyan Shan-ma TMEM272 5.79 2.52 x 107
Longyan Shan-ma  GLRA1 5.05 1.45 x 107
Longyan Shan-ma ~ NDSTY, 1.75 4.40 x 10™*
Shan-ma PRL 1.08 1.65 x 107
Shan-ma ANOJ 1.06 6.97 x 10
Shan-ma LRFN5 1.01 5.98 x 10
Shan-ma SYT16 -1.10 1.77 x 107
Longyan Shan-ma  INPP5A —1.10 4.30 x 1072
Longyan Shan-ma ~ CCDC148 —1.10 6.68 x 10
Longyan Shan-ma  LOC101796494 -1.17 3.19 x 10™
Longyan Shan-ma VEGFA —-1.17 3.40 x 107
Longyan Shan-ma, ~ PRKG1 —1.22 1.12 x 1072
Longyan Shan-ma  PKPj —1.35 1.23 x 10
Longyan Shan-ma  NRK —1.42 3.09 x 10
Longyan Shan-ma TGFBR2 —1.61 9.43 x 10
Longyan Shan-ma ~ SUPT3H —1.70 1.40 x 1072
Longyan Shan-ma ~ ADAMTS2 —2.54 5.70 x 10™

containing 5 (LRFN5). Eleve down-regulated
expressed genes contained synaptotagmin 16 (SYT16),
inositol polyphosphate-5-phosphatase A (INPP5A),
coiled-coil domain containing 148 (CCDC148),
LOC101796494, VEGFA, PRKG1, PKP/, Nik related
kinase (NRK), TGFBR2, SPT3 homolog, SAGA and
STAGA complex component (SUPT3H), and ADAM
metallopeptidase with thrombospondin type 1 motif 2
(ADAMTS?2).

DISCUSSION

The EW and EN are significant production traits in
ducks, and uncovering their genetic basis is crucial in
selecting for breeding performance in layer duck produc-
tion. In this study, 181 SNPs including 21 genome wide
significant SNPs and 160 suggestive significant SNPs
associated with egg weight and egg number traits in a
Chinese famous layer duck population were identified
using a univariate linear mixed model with GBS-based
whole genome SNPs. A total of 146 associated genes of
these 181 SNPs were identified. Some known candidate
genes and pathways for egg weight and egg number
traits were found, such as PRL and PRLHR and the
oxytocin signaling, MAPK signaling, and calcium
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signaling pathways. Importantly, 30 associated genes
revealed by this GWAS were differentially expressed in
hypothalamic-pituitary-ovarian tissues between higher
and lower egg production in laying ducks. These candi-
date genes and pathways provide insight into genetic
basis underlying the egg production trait in ducks.

The SNP-based genetics parameters were estimated
for egg weight and egg number traits in 303 layering
ducks. The heritability of egg weight traits was low to
high moderate at 0.70 to 0.31, and egg number traits
have low heritability at 0.00 to 0.14. This study results
were much lower than those reported for egg weight and
egg number in Longyan Shan-ma ducks of previous stud-
ies (Lin et al., 2016; Sun et al., 2020a). The heritability
estimation of the genetic parameters in this study used
the SNPs-based pedigree, while the previous heritability
estimation used the pedigree. This may be due to the
fact that SNPs that are significantly associated with
quantitative traits usually explain only a portion of the
genetic variation, affecting heritability (Yang et al.,
2017).

Potential candidate genes of egg weight and egg num-
ber traits were identified using transcriptome analysis,
quantitative trait loci (QTL) mapping, and GWAS
method (Bello et al., 2022), were used, with GWAS
studies identifying fewer genes for these traits (Liu et
al., 2021; Xu et al., 2022). For the egg weight traits, the
functions of some genes identified by this GWAS were
related to ovarian and follicular development. The gene
HYDIN encoded the HYDIN axonemal central pair
apparatus protein, whose function is related with duck
follicular development, with upregulated expression
between the small white follicle and the small yellow fol-
licle (Chen et al., 2023). The gene COL1A2 encoded col-
lagen type I alpha 2 chain. Comparing the 400-pum
follicles with 800-um follicles in chickens, COL1A2 was
upregulated, influencing growing follicle development
(Zhou et al., 2020). The FTO encoded a nuclear protein
of the AlkB related nonhaem iron and 2-oxoglutarate-
dependent oxygenase superfamily and variations of
FTO were associated with body mass index in human
(Yang et al., 2012) and carcass traits in ducks (Gan et
al., 2015). The FTO-mediated m°A demethylation can
regulates GnRH expression in the hypothalamus, affect-
ing the function of the ovaries and follicles (Zang et al.,
2023). The gene FOXLI encodes a member of the fork-
head/winged helix-box (FOX) family of transcription
factors, which have key role in ovarian folliculogenesis
(Uhlenhaut and Treier, 2011).

For the EN traits, some genes identified by this
GWAS were known candidate genes for egg production
traits, such as PRL and PRLHR, where PRL encoded
prolactin that is mainly produced in the cephalic lobe of
the anterior pituitary gland (Kansaku et al., 2005) and
PRLHR encoded a prolactin releasing hormone receptor,
also known as G-protein-coupled receptor 10, the recep-
tor for prolactin releasing peptide (Su et al., 2015). Poly-
morphisms of the PRL and PRLHR genes associated
with egg production traits have been investigated. One
SNP 5961 C>T polymorphism of the PRL gene was

significantly associated with egg production and egg
weight in the F, resource population of white Liancheng
X white Kaiya (Wang et al., 2011). In a Muscovy duck
population, SNPs T-884C and T-335C of PRL were sig-
nificantly associated with the AFE, EN59 and egg num-
ber in ducks at age 300 d (Zhang et al., 2015a). In Khaki
Campbell ducks, the 359 C>A polymorphism in intronl
of the PRL gene was associated with egg production at
300 days of age (Chuckwon and Boonlum, 2017). In 2
Chinese domestic laying duck populations (Jinding and
Youxian), the 412A > G polymorphism of the PRL gene
in intron 1 was associated with egg production and egg
weight traits (Bai et al., 2019). In a hen population, 13
SNPs of the PRLHR gene located on chromosome 6
associated with AFE were detected (Liu et al., 2019).

Some genes associated with egg number traits identi-
fied by this GWAS, were related to ovarian and follicu-
lar. The gene FOXO1 belongs to the fork-head family of
transcription factors, whose levels regulated expression
in ovarian follicular development, atresia and luteiniza-
tion physiological processes (Shi and LaPolt, 2003). The
gene PKP/ encoded plakophilin 4, which may be a com-
ponent of desmosomal plaques and other adhesion pla-
ques. Compared to large oocytes, PKP/ was highly
expressed in small oocytes in pigs (Gad et al., 2020) and
PRKG1 encoded protein kinase cGMP-dependent 1, a
self-regulation and the foraging gene (Struk et al., 2019).
PRKG1 was expressed at an upregulated level in the
ovarian tissue of Xinjiang Yili geese with high egg pro-
duction (Wu et al., 2020).

Based on the above studies, many associated genes of
egg weight and egg number traits identified by this
GWAS have functions related to the development of the
ovaries and oviducts. Some genes were enriched in egg
production-related signaling pathways in ducks, such as
FOXO1and COL1A2in AGE RAGE signaling pathway
in diabetic complications, and COL1A2 and PRL in the
PI3K-Akt signaling pathway. These genes can be used
as important potential candidate genes for duck egg pro-
duction traits, needing further study.

Egg production traits may have similar genetics basis
between ducks and chickens. Previous GWAS studies
identified associated genes for egg production traits in
chickens were listed in Table S7. Of 316 genes, only 9
genes were common genes for egg production traits both
in ducks of this study and in chickens of previous studies,
including CCDC148, deleted in lymphocytic leukemia 7
(DLEU?7) (Liu et al., 2018), family with sequence simi-
larity 204 member A (FAM204A) (Liu et al., 2019),
FOXO1 (Yiet al., 2015), glycerol-3-phosphate dehydro-
genase 2 (GPDZ2) (Ma et al., 2024), HYDIN (Zhao et
al., 2021), musashi RNA binding protein 2 (MSI2) (Ma
et al., 2024), nemo like kinase (NLK) (Ma et al., 2024),
neurensin 1 (NRSN1) (Gao et al., 2022), nuclear recep-
tor subfamily 4 group A member 2 (NR4AZ2) (Ma et
al., 2024), and PRLHR (Liu et al., 2019). Although there
were fewer common potential candidate genes for egg
production traits in ducks and chickens identified
through GWAS studies, their potential candidate genes
were enriched in 8 same pathways, containing
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neuroactive ligand-receptor interaction, calcium signal-
ing, cellular senescence, MAPK signaling, TGF-beta sig-
naling, phosphatidylinositol signaling system, vascular
smooth muscle contraction, and adherens junction
(Table S6 and S8). These results suggested that there
are both similarities and differences in the genetic basis
of egg production traits between ducks and chickens.

Because the cis-SNPs can regulate their target gene
expression (Kim et al., 2012; Zeng et al., 2017), this
study has been confirmed that the SNPs identified by
the GWAS may affect the egg production traits by regu-
lating the expression of their nearby genes. Seven up-
regulated (NMUR2, TMEMZ272, GLRA1, NDST/,
PRL, ANOJ, LRFN5), and 11 down-regulated (SYT16,
INPP5A, CCDC148, LOC101796494, VEGFA,
PRKG1, PKP4, NRK, TGFBR2, SUPT3H, and
ADAMTS?) expressed genes in ovarian tissue adjacent
to the SNP associated with the egg production traits
were identified between Shan-ma ducks with higher and
lower egg production, such as SNP chr6:924673:T>G
located at intron region of gene PRK G on chromosome
6, and which was more decreased expressed in ovarian
tissue with the individuals having a high egg-laying
number. This may be due to the cis-acting effect of this
SNP to regulate gene PRKG1 expression, resulting in
increased the egg production. These 18 DEGs in ovarian
tissue of Shan-ma ducks may have key regulating role in
egg production traits, especially functions of some genes
were concerned with the development of the ovaries and
follicles, such as PRL, PKP/, and PRKG1. These candi-
date genes associated with the egg production traits of
ducks require further examination.

CONCLUSIONS

A GWAS based on GBS strategy were carried out to
identify the associations between SNPs and egg produc-
tion traits EW and EN in Longyan Shan-ma ducks. For
EW traits, 8 genome-wide significant and 54 suggestive
SNPs were detected. For EN traits, 119 SNPs including
13 genome-wide significant SNPs were found. These
SNPs were harbored to 146 target genes that signifi-
cantly enriched in egg production-related pathways,
such as oxytocin signaling, MAPK signaling, and cal-
cium signaling pathways. These associated genes con-
tained known candidate genes for egg production traits,
such as PRL and PRLHR. Eighteen genes were differen-
tially expressed in the ovarian tissue between higher and
lower egg production in Shan-ma ducks. This study will
provide insight into the genetic basis underlying the egg
production trait in ducks.
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