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Abstract
Background Eggs represent important sources of protein and are widely loved by consumers. Egg yolk taste is an 
important index for egg selection, and the moisture content of the egg yolk affects the taste. To understand the 
molecular mechanism underlying egg yolk moisture content, this study determined the phenotype and heritability of 
egg yolk water content and conducted a genome-wide association study (GWAS) using a mixed linear model.

Results We determined the phenotype and heritability of thermogelled egg yolk water content (TWC) and found 
that the average TWC was 47.73%. Moreover, significant variations occurred (41.06–57.12%), and the heritability was 
0.11, which indicates medium-low heritability. Through the GWAS, 48 single nucleotide polymorphisms (SNPs) related 
to TWC (20 significantly, 28 suggestively) were obtained, and they were mainly located on chromosomes 10 and 13. 
We identified 36 candidate genes based on gene function and found that they were mainly involved in regulating fat, 
protein, and water content and embryonic development. FGF9, PIAS1, FEM1B, NOX5, GLCE, VDAC1, IGFBP7, and THOC5 
were involved in lipid formation and regulation; AP3S2, GNPDA1, HSPA4, AP1B1, CABP7, EEF1D, SYTL3, PPP2CA, SKP1, and 
UBE2B were involved in protein folding and hydrolysis; and CSF2, SOWAHA, GDF9, FSTL4, RAPGEF6, PAQR5, and ZMAT5 
were related to embryonic development and egg production. Moreover, MICU2, ITGA11, WDR76, BLM, ANPEP, TECRL, 
EWSR1, and P4HA2 were related to yolk quality, while ITGA11, WDR76, BLM, and ANPEP were potentially significantly 
involved in egg yolk water content and thus deserve further attention and research. In addition, this study identified a 
19.31–19.92 Mb genome region on GGA10, and a linkage disequilibrium analysis identified strong correlations within 
this region. Thus, GGA10 may represent a candidate region for TWC traits.

Conclusion The molecular genetic mechanism involved in TWC was revealed through heritability measurements 
and GWAS, which identified a series of SNPs, candidate genes, and candidate regions related to TWC. These results 
provide insights on the molecular mechanism of egg yolk moisture content and may aid in the development of new 
egg traits.
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Background
Eggs are rich in fat, minerals, and vitamins and consid-
ered an excellent source of protein [1]. The internal qual-
ity of eggs is an important index used by the poultry 
industry to evaluate eggs [2], and associated index fac-
tors include the protein height, Hastelloy unit, yolk tex-
ture, and yolk taste. Boiling can retain the nutrients in 
eggs to the greatest extent compared with other cooking 
processes and thus facilitates the absorption of nutrients 
from the eggs. However, the yolk taste of boiled eggs is 
often criticized by consumers [3]. Consumers may find 
that chewed thermogelled gel yolks are difficult to swal-
low because in the process of chewing and swallowing, 
thermogelled gel yolks absorb water from the mouth and 
throat, resulting in a dry throat and difficulty swallow-
ing [4]. The moisture content in thermogelled gel yolks 
affects the fineness of the yolk texture, with a higher the 
moisture content leading to a finer texture [5]. Therefore, 
studying the thermogelled egg yolk water content (TWC) 
can help resolve the problem of poor yolk taste and pro-
vide a better understanding of the yolk texture.

Egg yolk is a valuable material component not only 
because of its nutritional components but also because of 
its sensory characteristics [6]. The complex composition 
of egg yolks endows these components with a unique tex-
ture and flavor, thereby promoting their wide use in food 
processing. During heat treatment, egg yolks become 
folded into a three-dimensional network structure and 
undergo irreversible deformation, changing from liq-
uid to solid, which leads to the characteristic texture [7]. 
The substances in egg yolk play an important role in this 
process. The protein structure is destroyed under high 
temperature, which changes the spatial structure of yolk. 
Fat particles act as active fillers in the protein gel net-
work based on interactions between proteins in the net-
work [8]. Water is wrapped by proteins and lipids, which 
affects the fineness of the texture [9]. The water content 
in egg yolk is not only affected by the protein and lipid 
contents and environment of the egg but also by genetic 
factors [10]. However, the effects of genetic factors on egg 
yolk water content have not been previously studied.

Heritability can be used to evaluate the proportion of 
traits controlled by genetic factors. The higher the heri-
tability, the greater the proportion of genetic factors 
and the smaller the proportion of environmental factors 
involved in a trait. Determining heritability can provide 
insights on the genetic mechanisms underlying traits. 
Whole genome sequencing is a sensitive, fast, and accu-
rate technology [11]. Genome wide association analysis 
(GWAS) is a statistical tool and one of the effective meth-
ods of identifying important single nucleotide polymor-
phisms (SNPs) and candidate gene [12]. Compared with 
genotyping chips, the genes covered by high-throughput 
sequencing are more comprehensive. GWAS can identify 

important SNPs and candidate genes and may also be 
used in molecular breeding to shorten the period of poul-
try breeding [13]. At present, GWAS has been widely 
used to study the growth, reproduction and genetic 
structure of various species [14].

In this study, we selected a population of Rhode Island 
Red (RIR) chickens to determine the phenotype and heri-
tability of the TWC. A GWAS of the whole genome was 
performed through the second generation, and high-
throughput sequencing was conducted to obtain candi-
date genes that significantly affect the TWC. The findings 
should provide insights for domestic poultry breed-
ing, and the identified molecular markers may assist in 
molecular breeding programs.

Materials and methods
Experimental animals
In this study, we selected 754 eggs from the RIR popu-
lation to determine the water content of the yolks, and 
these eggs were randomly selected during the sampling 
process. In this experiment, all hens were raised in sepa-
rate cages under the same conditions, and they were fed 
the same feed throughout the experiment. From 159 
hens, blood sampling was performed from the vein under 
the wing, and the samples were used for DNA extraction.

Phenotype measurement
The pretreatment procedure for hot gel eggs was as fol-
lows: at one minute after a pot of water had come to a 
boil, the eggs were added and allowed to boil for five min-
utes, and then three minutes after turning off the flame, 
the eggs were removed. Whole yolks were then separated 
from the egg white and prepared for the experiment. We 
accurately weighed 2.0 g of gel sample from each egg and 
recorded it as M1. The sample was placed into an alu-
minum box, dried in an oven to a constant weight, and 
recorded as M2. The formula for calculating the water 
content was as follows: watercontent/% = M1−M2

M1 ∗ 100
. This process was repeated three times for each sample.

Heritability
DMU software (Version: 6 swMATH, Berlin, Germany) 
was used to estimate the variance and covariance com-
ponents. An animal threshold model was used to analyze 
the heritability of TWC.

The animal model was constructed as follows:

 y = Xβ + Za + e

where y represents the vector of phenotypic value, β rep-
resents the vector of “fixed” effects, a represents the vec-
tor of random additive genetic effects of all individuals, e 
represents the vector of random residuals, and X and Z 
are appropriate correlation matrices. The Gibbs sampling 
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module included in the DMU software package was used 
to analyze the animal threshold [15], and the DMUAI 
module in the DMU program was used to analyze the 
classical animal model using the average information 
limited maximum likelihood algorithm [16].

High flux sequencing and quality control
We isolated individual genomic DNA from blood sam-
ples by the classical phenol chloroform method. DNA 
purity was assessed using a NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific Inc., Waltham, MA, 
USA) and the A260/280 ratio. The whole genome was 
sequenced using the T7 platform of the Huada Company. 
Quality control was performed using Plink v1.9 [17], and 
the quality control standard included retaining SNPs with 
an allele frequency ≥ 1% and genotyping rate ≥ 98%. The 
individual quality control level was based on eliminat-
ing individuals whose genotype deletion rate was > 5%. 
SNPs in Hardy Weinberg equilibrium with P < 10 − 6 were 
excluded. After filtration, 159 chickens were retained for 
further analysis.

Population structure analysis
Before the GWAS, we first evaluated the population 
structure through a principal component analysis (PCA) 
implemented in PLINK 1.9 [18], which determined the 
overall structure and generate eigenvectors and eigen-
values. The plink ‘-- indep pairwise 25 5 0.2’ command 
was used to retain the relatively dependent SNPs. The 
PCA results were visualized using the “ggplot2” package 
in R studio. A PCA diagram was created using the first 
two principal components as horizontal and vertical 
coordinates.

Genome wide association study
The GWAS of TWC traits was carried out using the uni-
variate linear mixed model in GEMMA [19]. The model 
was as follows:

y = W α + x β + u + ε.
where y represents the n × 1 dimensional quantita-

tive trait phenotype value vector, W represents the n × c 
covariate matrix j, α represents the population structure 
matrix calculated by ADMIX software, x represents the 
marked genotype, β represents the corresponding effect 
of SNP, u represents the vector of random effect (its cova-
riance structure follows the normal distribution of u ~ N 
(0, KVg), where K is the genome relationship matrix 
derived from independent SNP), Vg represents the addi-
tive variance of multiple genes, and ɛ represents the error 
vector. In this study, the Wald test was used as a criterion 
for selecting SNPs associated with metabolic efficiency 
traits.

The “qqman” package in R was used to generate Man-
hattan and quantile-quantile (Q-Q) plots [20]. The 

genome expansion factor (λ) was calculated with R. The 
traditional Bonferroni correction was too strict, which 
resulted in a high false negative rate and led to the exclu-
sion of SNPs that were truly related to the traits. There-
fore, simpleA was used as the independent test, and the 
effective number of independent tests was 8,685,008. 
The genome-wide significance level and genome-wide 
suggestive significance level were set to 5.75 × 10− 9 
(0.05/8,685,008) and 8.24 × 10− 8 (0.72/8,685,008), respec-
tively. Therefore, SNPs with P values below 8.24 × 10− 8 
were considered and may be associated with TWC 
traits. A linkage disequilibrium (LD) analysis of signifi-
cant SNPs was performed using the solid spin algorithm 
implemented in Haploview version 4.2.

Bioinformatics analysis of candidate genes
We annotated SNPs according to the Galgal 6.0 assembly 
supported by the Biomart tool in the Ensembl database 
(http://www.ensembl.org/index.html) and then searched 
for the nearest genes located within 400 kb upstream or 
downstream of important related SNPs to identify candi-
date genes. Then, we searched PubMed (https://pubmed.
ncbi.nlm.nih.gov) for the biological functions of these 
genes. To provide insights into the functional enrichment 
of candidate genes, we carried out Gene Ontology (GO) 
analyses using Metascape .

Results
Phenotypic basic statistics and heritability test
The descriptive statistics and heritability test results 
for TWC are presented in Table 1. The average value of 
TWC was 47.73%, the minimum value was 41.06%, and 
the maximum value was 57.12%. These findings show 
that the TWC traits varied greatly from individual to 
individual. The heritability of the TWC traits was 0.11, 
which indicates medium-low heritability. The standard 
error of heritability shows that heritability had statisti-
cal significance. The determination of heritability showed 
that the TWC traits had a genetic basis.

Population structure
Genetic analyses were conducted for 159 individuals. 
After a series of strict quality control procedures, all 

Table 1 Descriptive statistics and heritability determination of 
the TWC traits

Descriptive statistics Number
Water content Mean(%) 47.73

SD 1.53

Max(%) 57.12

Min(%) 41.06

Nb 754

Heritability 0.11

SE 0.0031

http://www.ensembl.org/index.html
https://pubmed.ncbi.nlm.nih.gov
https://pubmed.ncbi.nlm.nih.gov
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samples satisfied the criteria and could be used for subse-
quent research. In GWAS, population stratification may 
lead to false positive results. The PCA showed that the 
RIR population was somewhat stratified (Fig. 1). Thus, we 
conducted a GWAS and calculated the λ value. The value 
of λ was 1.024, which was close to 1, indicating that pop-
ulation stratification was not obvious and the population 
could be used for the GWAS analysis.

Genome-wide association analysis
The Q-Q and Manhattan plots of TWC are shown in 
Fig. 2. The Q-Q diagram and λ value indicated that obvi-
ous stratification did not occur in the population and 
the GWAS results were reliable. The Manhattan plot 
showed a global view of the P values (expressed in - log10 
(P value)) of all SNPs. As shown in Figs. 2a and 48 SNPs 
were potentially related to TWC, of which 20 were signif-
icantly related and 28 were suggestively related (Table 2). 
Among the 48 SNPs, 25 genome-wide significant SNPs 
spanned a narrow 0.61 Mb region (19.31–19.92 Mb) on 
GGA10 (GGA for Gallus gallus), which represented the 
highest peak. Based on the analysis of significant and 
suggestive SNPs on GGA10 (Table  2), we found that 2 

SNPs were located in the intergenic region, 7 important 
SNPs were located in the intron variant, 9 were located in 
the downstream gene variant, and 5 were located in the 
upstream gene variant. Based on the analysis of signifi-
cant SNPs (Table 2), we found that 6 SNPs were located 
in the intergenic region, 17 important SNPs were located 
in the intron variant, 12 were located in the downstream 
gene variant, and 8 were located in the upstream gene 
variant. Significant and suggestive SNPs were mainly 
located on chromosomes 10 and 13. Ensembl was used 
to annotate the relevant SNPs, and genes located 400 kb 
upstream and downstream of important SNPs were 
searched (Table 2). The LD analysis showed that all sig-
nificant SNPs within the whole genome were at high 
LD (Fig.  3), which increases the difficulty of identifying 
causal SNPs.

SNP annotation and promising genes related to TWC
Using Ensembl to annotate related SNPs, we found a 
total of 151 potential candidate genes around the signifi-
cant peaks (Table S1). We performed a GO analysis on 
the candidate genes (Fig.  4) and found that these genes 
were mainly enriched in the following terms: regula-
tion of tyrosine phosphorylation of STAT protein (GO: 
0042509), intracellular protein transport (GO: 0006886), 
positive regulation of protein catabolic process (GO: 
0045732), and negative regulation of intracellular signal 
transduction (GO: 1,902,532). A search of the 151 candi-
date genes on PubMed revealed some important candi-
date genes (Table 3). FGF9, PIAS1, FEM1B, NOX5, GLCE, 
VDAC1, IGFBP7, and THOC5 are involved in the forma-
tion and regulation of lipids [21–28]; AP3S2, GNPDA1, 
HSPA4, AP1B1, CABP7, EEF1D, SYTL3, PPP2CA, SKP1, 
and UBE2B are involved in protein folding and hydro-
lysis [25, 29–32]; CSF2, SOWAHA, GDF9, FSTL4, RAP-
GEF6, PAQR5, and ZMAT5 are related to embryonic 
development and egg number laid [33–39]; CCDC157, 
Vps33B and SNX9 are involved in the endocytosis cycle 
and transport [40–42]; MICU2, ITGA11, WDR76, BLM, 
ANPEP, TECRL, EWSR1, and P4HA2 are associated with 

Fig. 2 Q-Q plot and TWC traits in Manhattan Plot. The Q-Q plot shows the expected -log10 P-value (x-axis) versus the observed -log10 P-value (y-axis). In 
the Manhattan plot, the x-axis is the position of each SNP on the chicken chromosome (40 means Z chromosome), and the y-axis is the -log10 P-value. The 
horizontal red dashed line at the top represents the genome-wide significance threshold of 5.75 × 10− 9, and the bottom line represents the genome-wide 
implication threshold of 8.24 × 10− 8. a: Manhattan plot of TWC; b: Q-Q of TWC.

 

Fig. 1 PCA plot of the population structure. The abscissa represents pc1, 
the ordinate represents pc2, and the point represents each individual
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meat quality; and ITGA11, WDR76, BLM and ANPEP are 
related to meat quality water content [43–49] (Table 4).

Discussion
The texture of boiled egg yolk is an important factor 
affecting consumer acceptance and preference [3]. TWC 
affects the texture of egg yolk [5] and thus is an impor-
tant character of egg yolk. At present, more studies have 
focused on the factors that influence chicken meat sen-
sory characteristics [48], while fewer have investigated 
hot gel yolk characteristics. Moreover, the genetic mech-
anisms underlying TWC remain unclear. The lipid and 
protein content in the yolk also affect the water content 
in the yolk [50]. We measured the TWC of 754 hens’ 
eggs in the RIR population. The average TWC value was 
47.73%, and the proportion of water in the yolk was high. 
The results showed that these TWC traits had significant 
variations (41.06–57.12%), which provides a basis for 
genetic research on TWC.

Here, we report the heritability of TWC traits for 
the first time. The heritability of TWC was 0.11, which 
indicates medium-low heritability. A previous study of 
chicken heritability showed that many traits presented 
medium-low heritability [51, 52]. The low heritability of 
TWC traits indicates that TWC is a complex trait that 
is affected by many factors. TWC is affected by protein 
and lipid contents. During the gelling process, the sec-
ondary structure of yolk protein is destroyed. The inter-
actions between proteins and proteins, between proteins 
and lipids, and between proteins and water changed the 
spatial structure of yolk [53]. The spatial structure of pro-
tein and lipid during heating also affected water evapora-
tion [54]. Another reason for the low heritability of TWC 
may be due to lack of selection for the trait in the breed. 
The disadvantages of this study are that the heritability of 
TWC traits of multiple varieties of chickens has not been 
tested and heritability estimates of the same character 
from different varieties of chicken will present deviations 
[55]. The determination of TWC heritability showed that 

Table 2 Genome-wide SNPs around significant peaks associated 
with TWC traits
GGA Position P value Annotation
1 177,937,248 6.64475E-08 downstream_gene_variant

1 177,937,258 6.9306E-08 downstream_gene_variant

1 177,937,260 6.9306E-08 downstream_gene_variant

2 147,631,802 3.1038E-09 intron_variant

2 147,631,804 3.1038E-09 intron_variant

2 147,631,810 9.27652E-09 intron_variant

3 51,450,796 4.22402E-08 intergenic_region

3 51,451,767 4.48935E-08 intergenic_region

4 48,300,318 2.93494E-09 intron_variant

10 19,310,152 6.2623E-08 upstream_gene_variant

10 19,340,259 5.72125E-08 synonymous_variant

10 19,395,107 5.02104E-09 intron_variant

10 19,415,633 5.72125E-08 intron_variant

10 19,464,900 5.02104E-09 intron_variant

10 19,467,139 5.02104E-09 intron_variant

10 19,625,127 2.33249E-08 intron_variant

10 19,678,042 5.02104E-09 3_prime_UTR_variant

10 19,724,611 2.15673E-09 downstream_gene_variant

10 19,738,739 3.29392E-08 upstream_gene_variant

10 19,778,184 5.24318E-09 downstream_gene_variant

10 19,778,186 5.24318E-09 downstream_gene_variant

10 19,778,444 5.02104E-09 downstream_gene_variant

10 19,778,446 5.02104E-09 downstream_gene_variant

10 19,778,465 5.02104E-09 downstream_gene_variant

10 19,808,228 4.82353E-09 intergenic_region

10 19,896,405 5.24106E-08 intergenic_region

10 19,901,201 5.02104E-09 upstream_gene_variant

10 19,901,202 5.02104E-09 upstream_gene_variant

10 19,902,029 2.40228E-08 upstream_gene_variant

10 19,902,397 4.53119E-09 intron_variant

10 19,907,414 2.27357E-09 downstream_gene_variant

10 19,907,423 2.27357E-09 downstream_gene_variant

10 19,908,327 8.70184E-09 downstream_gene_variant

10 19,923,316 2.03134E-09 intron_variant

13 15,861,318 4.113E-08 intron_variant

13 15,932,860 5.24339E-08 upstream_gene_variant

13 15,957,569 8.25751E-08 5_prime_UTR_variant

13 15,957,593 3.95242E-08 5_prime_UTR_premature_
start_codon_gain_variant

13 15,957,601 4.113E-08 5_prime_UTR_premature_
start_codon_gain_variant

13 15,957,711 4.25616E-08 upstream_gene_variant

13 15,957,727 4.113E-08 upstream_gene_variant

13 15,967,345 4.113E-08 intron_variant

13 16,509,483 8.73341E-09 intron_variant

13 16,516,890 8.80698E-09 intron_variant

15 10,768,769 8.24974E-08 intergenic_region

30 1,560,442 1.76791E-08 intergenic_region

33 902,132 6.72479E-09 intron_variant

33 902,135 6.72479E-09 intron_variant

Fig. 3 LD plots for significant SNPs. The top row represents the SNP posi-
tion, and darker colors indicate greater LD intensity
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TWC has a genetic basis and can be used for heritability 
research. Therefore, it is a heritable trait, which provides 
insights for poultry breeding.

To our knowledge, this is the first study to explore the 
TWC trait from a genetic perspective, and the results 
provide new ideas for the study of yolk texture. We per-
formed a GWAS through the second generation and 
then conducted high-throughput sequencing. More-
over, the genetics of the yolk water content of 159 pure 
bred hens from the RIR population were studied. Some 
SNP sites and candidate genes related to the TWC trait 
were found. A significant peak was found on GGA10, 
and strong correlations were observed within the region 
from 19.31 to 19.92 Mb on GGA10. We found 48 SNPs 
that may be related to TWC (20 significantly, 28 sug-
gestively) and identified 36 candidate genes according to 
their functions, which mainly affect TWC through the 
following three pathways: lipid and protein decomposi-
tion (FGF9, PIAS1, FEM1B, NOX5, AP3S2, GNPDA1, 
HSPA4, and AP1B1) [21–28], embryonic development 
(CSF2, SOWAHA, GDF9, FSTL4, RAPGEF6, PAQR5, 
and ZMAT5) [33–35], and texture and water content 
(MICU2, ITGA11, WDR76, BLM, ANPEP, TECRL, 
EWSR1, and P4HA2) [43–49]. ITGA11, WDR76, BLM, 
and ANPEP are located on GGA10 and likely have a 
significant impact on the TWC trait. ITGA11 encodes 

Table 3 Details on the candidate genes that influence TWC 
traits in different ways
Gene 
name

GGA Gene start 
(bp)

Gene end 
(bp)

Gene stable ID

FGF9 1 178,227,191 178,260,992 ENSGALG00010005381

PIAS1 10 19,110,135 19,162,093 ENSGALG00010017264

FEM1B 10 19,174,027 19,181,968 ENSGALG00010017354

NOX5 10 19,304,486 19,311,165 ENSGALG00010017588

GLCE 10 19,315,143 19,351,260 ENSGALG00010016452

VDAC1 13 15,634,329 15,650,729 ENSGALG00010017393

IGFBP7 4 48,670,093 48,686,869 ENSGALG00010003660

THOC5 15 11,112,860 11,124,399 ENSGALG00010000186

AP3S2 10 20,031,810 20,036,055 ENSGALG00010015942

GNPDA1 13 16,778,712 16,783,718 ENSGALG00010013300

HSPA4 13 16,753,117 16,770,088 ENSGALG00010013805

AP1B1 15 11,132,267 11,146,088 ENSGALG00010000323

CABP7 15 11,053,266 11,058,468 ENSGALG00010000312

EEF1D 2 147,784,256 147,801,359 ENSGALG00010008561

SYTL3 3 51,767,830 51,793,914 ENSGALG00010005521

PPP2CA 13 15,487,655 15,505,818 ENSGALG00010015861

SKP1 13 15,512,520 15,520,298 ENSGALG00010015876

UBE2B 13 15,460,159 15,466,303 ENSGALG00010015848

SOWAHA 13 16,632,995 16,645,991 ENSGALG00010013667

GDF9 13 16,672,170 16,675,088 ENSGALG00010013676

FSTL4 13 15,839,122 16,032,315 ENSGALG00010015972

CSF2 13 16,316,452 16,319,137 ENSGALG00010016145

RAPGEF6 13 16,081,223 16,183,984 ENSGALG00010016017

PAQR5 10 19,356,830 19,362,242 ENSGALG00010016459

ZMAT5 15 11,039,942 11,052,800 ENSGALG00010000307

VPS33B 10 20,089,069 20,096,154 ENSGALG00010000054

SNX9 3 51,372,551 51,455,373 ENSGALG00010006157

CCDC157 15 10,823,435 10,865,435 ENSGALG00010000210

MICU2 1 178,284,361 178,423,097 ENSGALG00010005396

ITGA11 10 19,182,922 19,234,018 ENSGALG00010017403

WDR76 10 19,927,476 19,933,825 ENSGALG00010016378

BLM 10 19,935,048 19,951,142 ENSGALG00010016393

ANPEP 10 20,023,232 20,028,644 ENSGALG00010015905

TECRL 4 48,587,351 48,642,364 ENSGALG00010003632

P4HA2 13 16,753,117 16,770,088 ENSGALG00010013805

EWSR1 15 11,154,604 11,175,932 ENSGALG00010000341

Table 4 Details on the 36 candidate genes that influence egg 
number traits in different ways
Impacts on reproductive traits Genes
lipid formation and regulation FGF9, PIAS1, FEM1B, NOX5, 

GLCE, VDAC1, IGFBP7, THOC5

protein folding and hydrolysis AP3S2, GNPDA1, HSPA4, 
AP1B1, CABP7, EEF1D, SYTL3, 
PPP2CA, SKP1, UBE2B

embryonic development and egg num-
ber laid

CSF2, SOWAHA, GDF9, FSTL4, 
RAPGEF6, PAQR5, ZMAT5

endocytosis cycle and transport CCDC157, Vps33B and SNX9

meat quality water content MICU2, ITGA11, WDR76, BLM, 
ANPEP, TECRL, EWSR1, P4HA2

Fig. 4 Heatmap of the top 20 candidate gene clusters and their representative enriched terms for TWC.
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integrin subunit α 11 (same as β subunit 1) and dimer-
izes and forms cell surface collagen receptors that are 
involved in cell migration and collagen recombination 
and play a role in cell surface adhesion and signal trans-
duction [56]. Studies have shown that ITGA11 plays an 
important role in regulating changes of drip loss in pigs 
and represents an important candidate gene for regulat-
ing water content [47]. Therefore, it is reasonable to spec-
ulate that ITGA11 has an important impact on TWC. 
WD40 repeat domain-containing protein 76 (WDR76) is 
a new Ras-regulated E3 ligase interacting protein, which 
controls 3T3-L1 adipocyte differentiation through HRAS 
stability regulation [57]. In zebrafish, BLM is necessary 
during the exponential proliferation of female GC and 
male meiosis, and the loss of BLM function will affect 
somatic and germ line cells [58]. Guo et al. found that 
WDR76 and BLM have an important impact on the water 
content of duck meat [48]. ANPEP is a digestive enzyme 
that cleaves amino acids from the N-terminal of pep-
tides [59] and is involved in the biochemical process of 
developing flavor and texture attributes [60]. ANPEP may 
affect the moisture of the egg yolk and subsequently the 
texture of the yolk. Trans-2, 3-enoyl CoA reductase-like 
enzyme (TECRL) located on GGA4 is a protein coding 
gene involved in fatty acid metabolism, fatty acid elon-
gation, and PUFA biosynthesis, and it has significant 
contribution to fatty acid accumulation and metabolic 
regulation [61]. Moreover, TECRL is involved in the 
regulation of water content. P4HA2 is related to colla-
gen synthesis, meat tenderness, and protein content [49]. 
THOC5 is a newly identified gene related to lipid lev-
els and involved in high-density lipoprotein cholesterol 
metabolism, which affects the generation and regulation 
of fat [62]. These genes may play an important role in 
controlling TWC.

TWC is a complex trait determined by multiple genes 
and environmental factors. Previous studies showed that 
the genes ITGA11, WDR76, BLM, and ANPEP have a sig-
nificant impact on water content and meat quality [48, 
59]. This study also confirmed that ITGA11, WDR76, 
BLM, and ANPEP genes have a significant impact on 
TWC and likely represent the most important candidate 
genes for TWC. Additional research is needed before 
the genetics of TWC are fully understood. Moreover, the 
heritability and GWAS evaluations of TWC performed in 
this study provided helpful information for understand-
ing the factors that influence yolk texture.

Conclusion
In this study, the phenotype and heritability of TWC 
traits in the RIR population were determined, indicat-
ing that TWC is a measurable, variable, and heritable 
trait with a genetic basis. A GWAS of TWC revealed a 
series of SNP sites and candidate genes related to TWC. 

ITGA11, WDR76, BLM, and ANPEP may play a sig-
nificant role in TWC. These results may help us bet-
ter understand the molecular mechanisms underlying 
egg yolk water content and provide insights for poultry 
breeding.
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