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ABSTRACT The meat and egg of goose is one of the
main components of human food supply. The improve-
ment of goose egg production is particularly important
for the increasing human population. However, limited
information is available about the effective molecular
markers and mechanisms of egg production in goose. In
this study, we jointly utilized the data of genome rese-
quencing in different egg production Sichuan white
goose and transcriptome at different follicle develop-
ment stages to identified the molecular markers and
mechanisms of egg production. The coefficient of varia-
tion of individual egg production in Sichuan white goose
population is 0.42 to 0.49. Fifty individuals with the
highest (laying 365 days egg number, LEN365 = 79
−145) and 50 individuals with the lowest (LEN365 = 8
−48) egg production were divided into high and low egg
production groups. Based on whole-genome sequencing
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data of the selected samples, 36 SNPs (annotation
novel.12.470, CELF2, ATP1A1, KCNJ6, RAB4A,
UST, REV3L, DHX15, CAVN2, SLC5A9, Cldn5,
MRPS23, and Tspan2) associated with the LEN365
were identified, involving multiple pathways such as
metabolism and endocrinology. Notably, 5 SNPs located
in the exon9 of ATP1A1 were identified by GWAS anal-
ysis. The association analysis with LEN365 showed the
phenotypic variance explained of this haplotype consist-
ing of 5 SNPs is 20.51%. Through transcriptome data
analysis, we found the expression of ATP1A1 in the
granular layers was increased in the stage of small yellow
follicle to large yellow follicle (LYF) and LYF to F5,
while decreased in F2 to F1. For the first time, we report
the haplotype region formed by 5 SNPS on exon9 of
ATP1A1 is associated with egg production in goose and
involved in follicle selection and maturation processes.
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INTRODUCTION

The global demand for geese is growing rapidly as the
World Health Organization (WHO) listed them as the
best meat when presenting a new global health strategy
at its 113th session. However, compared with poultry
such as chicken and duck, the low egg production of
goose (20−60 eggs / year) greatly restricts the develop-
ment of the industry. Egg production in geese is mainly
determined by the development (Hu et al., 2020;
Yuan et al., 2021) and selection (Li et al., 2019, 2020) of
follicle, and these 2 biological processes are co-regulated
by endocrine (Du et al., 2020), nutritional (Pan et al.,
2014; Wei et al., 2019), environmental (Manser, 1996;
Vandana et al., 2020), disease (Johnson and Giles, 2013),
and genetic factors (Dana et al., 2011). The mechanisms
of these regulatory factors are different and interact
with each other. Due to the diverse influencing factors
and low heritability (Emamgholi Begli et al., 2021), the
genetic progress of egg production in goose obtained by
the traditional phenotypic selection method is slow.
Rapid progress has been made in identifying loci con-

trolling egg production in poultry and applying them to
marker-assisted selection with the development of
genome sequencing technology. More than 600 QTL loci
related to egg production in chicken have been identified
(Hu et al., 2019), and the functions of some major genes
have been gradually resolved (Rubin et al., 2010). A
study in the F2 of mallard and Pekin ducks have report
the candidate gene of reproduction (Liu et al., 2021). In
recent years, the single cage breeding technology of
goose has gradually matured, and found that the indi-
vidual egg production of geese varied greatly through
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individual egg production record. Then, some SNPs
associated with the egg production of Sichuan white
goose (Gao, et al., 2021) and Lion head goose
(Zhao et al., 2019) has been identified. However, the 2
studies identified different markers, indicating that dif-
ferent populations may have different molecular markers
related to goose egg production.

On the other hand, the researchers found some candi-
date genes were related to goose egg production by used
transcriptome sequencing technology to compare the tis-
sue at different laying levels (Wu, et al., 2020;
Ouyang et al., 2022), physiological stages
(Ouyang et al., 2020; Qin et al., 2021), and follicles
development stages. However, whether these candidate
genes have reliable molecular markers is unknown. In
other words, there is still a lack of candidate molecular
markers and pathways for identified goose egg produc-
tion by combined analysis of multiple genomics. There-
fore, we jointly GWAS data of different egg production
Sichuan white goose and RNA-seq data of different folli-
cle development stages to identified the molecular
markers and mechanisms of egg production in this
study.
MATERIALS AND METHODS

Ethics Approval and Consent to Participate

All geese were obtained from the Waterfowl Breeding
Experimental Farm of Sichuan Agricultural University.
All experimental procedures that involved in animal
manipulation were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of Sichuan
Agricultural University (Chengdu Campus, Sichuan,
China), approval number: 20160067.
Sample Collection and DNA Extraction

A total of 200 female Sichuan white geese hatched in
the same batch were reared in single cages after the end
of the brood period. All geese were raised under same
environment (single cage and light duration is 16 h one
day) and fed the same diet (free feeding) with free access
to water. The laying performance of 200 geese was
recorded daily until laying 365 d. The egg number of
365-day-old was record as EN365, the egg number of
laying 365 d was record as LEN365, and the egg pro-
duction frequency was record as EF365 and LEF365.
Blood samples were collected from the wings of all geese
using vacuum tubes containing ethylenediaminetetra-
acetic acid. These blood samples were used for DNA
extraction (50 individuals with the highest and lowest
LEN365 values). Genomic DNA was extracted from the
blood tissues of Sichuan white geese with dneasy blood
and tissue Kit (Qiagen, Valencia, CA). The quality and
quality of DNA were evaluated by Agilent 2200 tapesta-
tion (Agilent Technologies, Palo Alto, CA), qubit 2.0
fluorometer (Thermo Fisher Scientific, Wilmington,
DE) and agarose gel electrophoresis.
Whole-Genome Resequencing and Variation
Calling

We use the genobaits DNA SEQ library prep kit to
construct a resequencing Library of qualified DNA (50
individuals with the highest and lowest LEN365 values,
respectively), and then use qubit2.0 for preliminary
quantification. We use qPCR to accurately quantify the
effective concentration of the library to ensure the qual-
ity of the library. After the library passed the quality
inspection, it was sequenced using BGI MGI-2000/MGI-
T7 sequencing platform, and the sequencing mode was
PE150. The original sequencing data for this study can
be found in the Sequence Read Ar-chive (https://www.
ncbi.nlm.nih.gov/sra) at NCBI with the BioProject ID:
PRJNA883750. Then, Fastqc software was used to
detect the original data. According to the quality of the
original data, we used the NGS QC toolkit (Patel and
Jain, 2012) to quality control the original sequencing
data and remove the residual primer and linker sequen-
ces. At the same time, the bases with a sequencing read
length of less than 70% and a sequencing quality of more
than 20 were also removed, and Fastqc software was
used to test the data after quality control. Subsequently,
the data after quality control were aligned to the chro-
mosomes level Sichuan white goose we assembled using
the ’bwa-k40-m-r’ parameter of BWA-MEM software
(Li, 2013) (data not released). Samtools software was
used (Li et al., 2009) to convert the mapping results into
BAM format and filter unmapped and non-uniquely
mapped reads. The variation information was obtained
according to the best practice workflow recommended
by GATK (v4.1.7.0) software (McKenna et al., 2010). In
brief, SNPs calling was performed for each sample using
the HaplotypeCaller module and GVCF model using
GATK software, and the combined GVCF file was used
to carry out a joint genotyping step for the comprehen-
sive variation among all samples. The “SelectVariants”
of GATK software was used to selected SNPs and
Indels. SNPs with missing rate > 0.1, sequencing depth
< 4, minor allele frequency (MAF) < 0.05 or GQ < 5
were also excluded, and the remaining were used for sub-
sequent analysis.
Population Structure Analysis

In this study, Plink software (Purcell et al., 2007) was
used to calculate the eigenvalues and eigenvector values
of each principal component. Then, the ggplot2 package
of R was used to plot PCA using PC1, PC2, and PC3
values. In addition, Admixture software (V1.3)
(Alexander et al., 2009) was used to infer the population
structure, and the number of clusters (K value) of the
sample was assumed to be 1 to 15, and then clustering
was performed. The optimal number of clusters is deter-
mined according to the cross-validation error rate, and
the K value with the smallest cross-validation error rate
corresponds to the optimal number of clusters. At the
same time, GCTA software (V1.92.4) (Yang et al.,
2011) was used for kinship analysis to obtain the kinship
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matrix between pairwise samples, and R was used to
draw the heat map.
Genome-Wide Association Analysis

GWAS was performed using Genome-wide Efficient
Mixed-Model Association (GEMMA) software
(Zhou and Stephens, 2012). The population structure
corresponding to no covariate and Admixture optimal K
value and the relationship matrix were analyzed as cova-
riates. The qqman software package in R software was
used to visualize the Manhattan and Q-Q maps of
GWAS results. The optimal analysis model was selected
according to the Q-Q plot. P<0.05/N+1 (9.35E-09) and
10E-05 was set as the thresholds of significant and poten-
tial correlation with traits, respectively, and variant
information was annotated into gene names. LDblock-
Show software (Dong et al., 2021) was used to analysis
the of candidate gene. The structural diagram of genes
was visualized by IBS software (Liu et al., 2015). The
IGV software was used to visualize the genotype of
ATP1A1. Functional analysis was used KOBAS 3.0
online (http://kobas.cbi.pku.edu.cn/kobas3/?t=1)
(Xie et al., 2011).
Bioinformatics Analysis of RNA-seq Data

The RNA-seq data was download from previous study
in NCBI PRJNA506334 (https://www.ncbi.nlm.nih.
gov/bioproject/PRJNA506334) and PRJNA552525
(https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA552525). The clean reads were obtained after the
filtration of low-quality reads using standard quality
control by FastaQC software. Clean reads were mapped
to the Anser cygnoides domestication reference genome
(data being published) using the HISAT2 (version 2.2.1)
software (Kim et al., 2015). The output SAM (sequenc-
ing alignment/mapping) file was converted to a BAM
(binary alignment/mapping) file and sorted using
Figure 1. Correlation analysis (A) and comparison between high and
white goose.
SAMtools (version 1.10) (Li et al., 2009). Subsequently,
the expression of each transcript was calculated by fea-
tureCounts (version 1.6.0) (Liao et al., 2014) and the
readcounts of ATP1A1 was extracted.
RESULTS

Analysis of Egg Production Data of Sichuan
White Geese

By the end of data collection in this experiment, 195
geese were survived, of which 188 had begun to lay eggs.
The average EN365 is 25.69, the average EF365 is 0.29,
and the coefficient variation (CV) is 0.49 and 0.45,
respectively. And, the average LEN365 was 64.46, the
average LEF365 was 0.21, and the CV was 0.42 and
0.43, respectively. As shown in Figure 1A, the results of
correlation analysis showed that the four traits were all
positively correlated. The LEN365 larger than 79 was
divided into high egg production group (LEN365 = 79
−145, N = 50), and lower than 48 was divided into low
egg production group (LEN365 = 8−48, N = 50). As
shown in Figure 1B, there was a significant difference
between the 2 groups in EN365, EF365, LEN365, and
LEF365.
Population Structure Analysis and the
Selection of Model

The basic information of genome re-sequence data was
shown in Supplementary Table 1. A total of 5,347,972
SNPs were obtained after filtering. PCA analysis was
conducted to obtain the variance interpretation rate of
each PC and the score matrix of samples in each PC.
The results of PC1, PC2, and PC3 of all individuals are
shown in Figure 2A. Population structure is a common
issue in GWAS analysis, which refers to the large differ-
ence of genetic background among different populations.
In studies with large samples, the population structure
low egg production groups (B) of four egg production traits in Sichuan
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Figure 2. Population structure analysis and the GWAS model comparison. (A) Principal component analysis of population genome-wide SNP.
(B) Line chart of cross validation error. (C) Kinship heat map of individuals in population. (D) Q-Q plot of GWAS analysis using model without
covariates. (E) Q-Q plot of GWAS analysis using model with kinship matrix as covariate.
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will cause false positive and false negative results. In this
study, Admixture software was used to simulate the
stratification of the population when K = 1−15. As
shown in Figure 2B, there was a minimum cross-valida-
tion error rate when K = 1 (0.66292), indicating that
the population had no obvious stratification. The
genetic relationship is defined as the relative value of the
genetic similarity between 2 specific materials and that
between any materials. In GWAS, in order to avoid false
positives caused by possible small families, the relation-
ship matrix is often added to the GWAS model as a ran-
dom effect covariate matrix (K matrix). Based on the
SNP markers obtained after screening, we obtained the
affinity matrix between 2 samples. The heat map drawn
with the affinity matrix is shown in Figure 2C. In order
to confirm the best model of GWAS in this study, we
used GEMMA software to calculate the common models
of GWAS. In this study, K = 1 is the optimal K value,
so only Q-Q charts without covariates and kinship
matrix are shown as covariates. As shown in Figure 2D,
the model without covariates has low significance in the
lower left corner of the scatter plot, and the observed P
values of these sites should be consistent with the
expected values. However, most points of the model
with covariates in the relationship matrix are below the
diagonal, indicating that the observed P values of most
sites are less than the expected values, which may be
caused by the over correction of P values due to the
unreasonable model (Figure 2E). Therefore, the best
model of this study is the logistic regression model with-
out covariates.
Identify SNPs Related to Egg Production of
Sichuan White Geese by GWAS

As shown in Figure 3A, using the optimal model, one
SNP (Chr12: 19283739) significantly related to the
LEN365 was identified and annotated to the down-
stream region of novel.12.470 gene. In addition, 36 SNPs
potential associated with the LEN365 were identified
and annotated with novel.12.470, CELF2, ATP1A1,
KCNJ6, RAB4A, UST, REV3L, DHX15, CAVN2,
SLC5A9, Cldn5, MRPS23, and Tspan2 (Table 1),
involving multiple pathways such as metabolism and
endocrinology (Figure 3B). Notably, 5 SNPs located in
the exon9 of ATP1A1 were identified to be related to
LEN365.
Five SNPs on Exon9 of ATP1A1 are
Associated With Egg Production of Sichuan
White Geese

ATP1A1 was highly conserved among different spe-
cies, and the 2 mutations in the exon9 were nonsense
mutations (Supplementary Figure 1). As shown in
Supplementary Figure 2, all SNPs in ATP1A1 were ana-
lyzed for linkage disequilibrium (LD), and it was found



Figure 3. The Manhattan plot of genome-wide association analysis by SNPs (A) and bubble plots of KEGG pathways enriched by the potential
associated genes (B).

Table 1. The annotation of potential SNPs related to LEN365.

Chr Position P_wald Alt Ref Annotation Gene Id

12 19283739 6.76516E-09 G A Distal Intergenic novel.12.470
12 19283743 1.38083E-08 G A Distal Intergenic novel.12.470
12 19282504 2.22321E-08 T C Distal Intergenic novel.12.470
12 19283709 2.44495E-08 G A Distal Intergenic novel.12.470
12 19282898 8.00825E-08 T A Distal Intergenic novel.12.470
12 19282903 8.00825E-08 T C Distal Intergenic novel.12.470
1 101632368 1.07272E-07 A G Exon 9 ATP1A1
12 19282307 2.1286E-07 T C Distal Intergenic novel.12.470
1 101632371 2.18728E-07 C T Exon 9 ATP1A1
1 101632386 2.24423E-07 G T Exon 9 ATP1A1
12 19283607 2.92242E-07 C T Distal Intergenic novel.12.470
1 101632377 6.6004E-07 A G Exon 9 ATP1A1
4 19170167 6.86078E-07 G A Intron2 DHX15
12 19283513 1.42251E-06 T C Distal Intergenic novel.12.470
3 52772215 2.18016E-06 C T Intron1 UST
12 19282675 2.28861E-06 C T Distal Intergenic novel.12.470
7 4097228 3.00353E-06 T C Intron7 CAVN2
1 101641618 3.11451E-06 A G Exon 18 ATP1A1
12 19282615 3.62545E-06 C T Distal Intergenic novel.12.470
19 11490985 3.73786E-06 A C Promoter (1-2kb) MRPS23
26 392954 4.21723E-06 A G Promoter (1-2kb) Tspan2
3 72820629 4.22868E-06 A G Intron1 REV3L
1 7710803 4.6221E-06 G C Distal Intergenic CELF2
12 19279685 5.14488E-06 C T Intron2 novel.12.470
8 24388477 5.5261E-06 G T Distal Intergenic SLC5A9
3 44398354 5.77172E-06 A G Distal Intergenic RAB4A
12 19300377 6.16305E-06 C T Distal Intergenic novel.12.470
1 101632395 6.35856E-06 T C Exon 9 ATP1A1
3 44423996 7.56207E-06 T G Distal Intergenic RAB4A
1 117591565 7.82765E-06 C T Distal Intergenic KCNJ6
12 19282117 8.54134E-06 T C Distal Intergenic novel.12.470
3 44376799 8.61107E-06 A G Distal Intergenic RAB4A
12 19279630 8.97311E-06 G A Intron2 novel.12.470
3 44423548 9.086E-06 C T Distal Intergenic RAB4A
15 7582115 9.63907E-06 A G Distal Intergenic Cldn5
12 19314129 9.84568E-06 C T Distal Intergenic novel.12.470
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the 5 SNPs in the exon9 of goose ATP1A1 were in one
block (Figures 4A and 4B). As shown in Figure 4C, the
haplotype showed the different distribution between
high and low egg production goose. Then, we verified
the accuracy of genome resequencing and supplemented
the genotype data of another 100 individuals by PCR
and sanger sequencing of the mutation region
(Figure 4D). Furthermore, it was found that the
LEN365 of the samples with reference haplotype is sig-
nificantly higher than that of partial homozygous muta-
tion haplotype, and is extremely significantly higher
than that of all mutation haplotype (Figure 4E). Based
on the regression equation, we found the phenotypic var-
iance explained (PVE) of this haplotype is 20.51%.
Transcriptome Analysis Revealed Changes
in the Expression of ATP1A1 During Follicle
Development

Through transcriptome analysis, we found that the
expression of ATP1A1 in the theca layers of small
yellow follicle (SYF), large yellow follicle (LYF) and
F5 follicles did not change, but significantly increased



Figure 4. Verification, sequence, and functional analysis of 5 SNPs in the exon9 of goose ATP1A1. (A) The gene structural of goose ATP1A1.
The modular with purple represents the exon, yellow represent the 5’ and 3’ sequence. (B) The LD analysis of ATP1A1 exon9. (C) Haplotype of 5
SNPs located in exon9 of ATP1A1 between high and low egg production goose. (D) IGV visualizes of different haplotype samples. (E) The compari-
son of LEN365 among different haplotype, *represents P < .05, ****represents P < .00001.
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in the granulosa layer during this process
(Figure 5A). Meanwhile, the data from another proj-
ect showed the same results among SYF, LYF, and
F5 follicles granulosa. The expression of ATP1A1 in
the follicle granulosa layer was not changed at the
stage of small white follicle (SWF) to large white fol-
licle (LWF), LWF to SYF, and F5 to F2. During fol-
licle maturation stage (F2-F1), the expression of
ATP1A1 decreased significantly.
DISCUSSION

In the past few decades, the selection of goose egg pro-
duction was based on the group due to the limitation of
the feeding mode of geese. However, with the develop-
ment of single cage technology, we have been able to
achieve individual records of egg production in goose.
The results of this study showed that the CV of EN365
and laying LEN365 were 0.49 and 0.42, respectively,



Figure 5. Expression trend and functional analysis of ATP1A1 in granulosa and theca layers of different follicle development stage in goose. (A)
Expression trend of ATP1A1 in granulosa and theca layers of SYF, LYF, and F5 follicles in goose (Raw data from PRJNA506334). (B) Expression
trend of ATP1A1 in granulosa layers of SWF, LWF, SYF, LYF, and F1-F5 follicles in goose (Raw data from PRJNA552525). ** represents |log2-
Foldchange|>1 and FDR < 0.05. The data was shown as Mean§SEM.
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indicating there were great differences among individu-
als within the breed. On the other hand, the correlation
among EN365, LEN365, EF365, and LEF365 of Sichuan
white geese is relatively high, and LEN365 with a longer
statistical period may better reflect the real situation of
individuals, while EN365 can be used for early selection.

In populations with simple genetic background and
obvious segregation of traits, 36 SNPs were identified to
be related with LEN365. The SNP on novel.12.470 has
the highest correlation with LEN365 of Sichuan white
goose. However, novel.12.470, as an un annotated gene,
its role and the pathway need to be further explored. A
SNP within the distal intergenic of CELF2 was signifi-
cantly associated with LEN365. CELF2 can form com-
plexes with different enzymes to play a role in APOB
editing (Anant et al., 2001; Chen et al., 2007), and regu-
lated by estradiol (Del Pino Sans et al., 2015). In addi-
tion, KCNJ6, a hormone related gene, was also
identified to be related to LEN365. The mutation
KCNJ6 can cause decrease of serum thyroid hormone
level (Blum et al., 1999). KCNJ6 is also one of the spe-
cific subunits in GnRH neurons and a messenger regulat-
ing reproductive function (Constantin and Wray, 2018).
UST (Cadwalader et al., 2012) and REV3L
(Lange et al., 2016) play important roles in embryonic
development. RAB4A has been reported to be related to
the litter size of sheep (Esmaeili-Fard et al., 2021).
RAB4A has been identified to be related to reproductive
performance in geese and sheep, which may be due to its
role in angiogenesis and proliferation related to follicular
development (Fraser, 2006; Jopling et al., 2014).

It is worth noting that the 5 SNPS located in a linked
block of the ATP1A1 exon9 were identified to be associ-
ated with goose egg production. As the encoding gene of
Na+-K+-ATPase, ATP1A1 has a wide range of func-
tions, as almost all cells depend on the proper function-
ing of the NA+-K+ pump to maintain ion, osmotic, and
electrical homeostasis. Na+-K+-ATPase maintaining
intracellular ion composition by transporting internal
Na+ and external K+ across the cell membrane in oppo-
site concentration gradients. The sequence mutation of
ATP1A1 was found to be related to heat tolerance
(Liu et al., 2011), Charcot Marie Tooth
(Lassuthova et al., 2018), and other diseases. Our study
firstly reported the mutations in the exon of ATP1A1
are related to the reproductive of goose. Histochemical
localization of ATPase activity sites in the ovary has
been studied in several mammalian species, such as
guinea pigs, rabbits, and humans (Adams et al., 1966;
Koudstaal and J€obsis, 1974). Sangha et al. (1991)
reported the histological changes of general ATPase
activity during follicles formation, corpus luteum forma-
tion and regression in the rat ovary. They found that
with the growth of follicles, the ATPase activity in
oocytes and granulosa cells decreased, while moderate to
strong ATPase activity was observed in corpus luteum.
The activity of ATPase is the sum of the activities of
Na+- K+-ATPase, Ca2+-ATPase, Mg2+-ATPase, and
H+-ATPase. For the Na+-K+-ATPase, Ge and Spicer
reported their immunoreactivity in stroma cells and
membrane cells of rat ovary (Ge and Spicer, 1988). The
expression of ATP1A1 in pig primordial follicles is weak,
but the expression is significantly increased when the fol-
licles at the pre-ovulation stage (Aljonaid et al., 2003).
Meanwhile, the expression of ATP1A1 is also signifi-
cantly increased during flatfish oocyte maturation (Tin-
gaud-Sequeira et al., 2009). It is speculated that it is
related to changes in permeability and metabolism dur-
ing oocyte maturation. At the same time, ATP1A1
immunostaining increased in pig granulosa cells with the
growth of follicles, which was consistent with our tran-
scriptome results in goose granulosa cells. Mattioli et al.
proved that the up regulation of ATP1A1 expression
may be related to the depolarization of granulosa cells
(Mattioli et al., 1990). This change in potential level
may participate in the endocrine signal transduction
mechanism, and hormone stimulation may make cells
enter a new functional state. These studies provide aux-
iliary evidence for ATP1A1 to regulate the egg produc-
tion of goose by participating in the development of
follicles.
In conclusion, we have reported the CV of individual

egg production in Sichuan white goose population is
0.42 to 0.49. 36 SNPs (annotation novel.12.470, CELF2,
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ATP1A1, KCNJ6, RAB4A, UST, REV3L, DHX15,
CAVN2, SLC5A9, Cldn5, MRPS23, and Tspan2) asso-
ciated with the egg production of Sichuan white geese
were identified by the GWAS. The joint analysis of
GWAS and transcriptome found that five SNPs in a
linkage region of ATP1A1 exon9 may regulate the egg
production of goose by participating in the follicle devel-
opment process, and the PVE for the egg production of
geese was 20.51%. These results play an important role
in further improving the egg production of geese.
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