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A B S T R A C T   

The Pacific oyster Crassostrea gigas is one of the most important farmed marine shellfish worldwide. However, 
massive mortality during the summer months caused significant economic losses to the C. gigas farming industry. 
Understanding the genetic architecture of resistance traits has been an ongoing research issue, and the incor
poration of genomic information into breeding programs is expected to accelerate the process of genetic 
improvement. Genomic selection (GS), as a new approach of genetic improvement, has great potential for 
breeding new lines with adaptive advantages. In this study, we conducted a genome-wide association study 
(GWAS) for summer mortality resistance and estimated the accuracy of genomic predictions using different 
methods. The heritability of the C. gigas summer mortality resistance was low, with heritability of 0.108 ± 0.036, 
0.161 ± 0.102 and 0.134 ± 0.043 for PBLUP, GBLUP and ssGBLUP, respectively. In addition, we detected 
9,783,674 SNPs and used a mixed linear model to identify 18 significant SNPs associated with summer mortality 
resistance. The phenotypic variance explained (PVE) for these SNPs ranged from 8.25% to 10.14%. Based on 
these significantly related SNPs, nine significant candidate genes were identified (TLR4, HEX, SLC22A8, PDE2A, 
HUWE1, SLMAP, RAD52, TBK1 and RAPH1). The prediction accuracy using PBLUP, GBLUP, ssGBLUP, and 
weight ssGBLUP (WssGBLUP) was 0.549 ± 0.026, 0.381 ± 0.074, 0.544 ± 0.026, and 0.869 ± 0.018, respec
tively. Therefore, WssGBLUP models are more suitable for genomic prediction of summer mortality resistance in 
C. gigas. Our results suggest a polygenic genetic architecture that provide new perspectives for studying candi
date genes for resistance to summer mortality, which may facilitate the genetic improvement for resistance lines 
in C. gigas.   

1. Introduction 

The Pacific oyster (Crassostrea gigas) is one of the major marine 
bivalve shellfish and is of great interest to the aquaculture industry 
because of its rapid growth and environmental tolerance (Ruesink et al., 
2005). In recent years, severe summer mortalities have been reported 
regularly in C. gigas aquaculture, which has resulted in significant eco
nomic losses to the oyster industry (Solomieu et al., 2015). Massive 
summer mortality of C. gigas has been recorded in several regions around 
the globe, including European countries, the United States, Japan and 
most recently in China (Koganezawa, 1974; Glude, 1975; Burge et al., 
2006; Segarra et al., 2010; Cotter et al., 2010; Yang et al., 2021; Chi 
et al., 2021). Numerous studies have shown that mortality events are 

multifactorial, with age, microbiota, genetics and physiological status 
being important factors associated with mortality outbreaks (Alfaro 
et al., 2019). In the absence of effective methods to prevent or control 
disease outbreaks, increasing host resistance to mortality through se
lective breeding is the preferred option to improve summer survival 
(Dégremont et al., 2015). For oyster growers who rely on high yields for 
farm profitability, improving survival under field conditions is critical. 
Quantitative genetic analyses have estimated genetic parameters of 
summer mortality resistance and have shown the potential for selective 
breeding to improve summer survival in C. gigas, as they are heritable 
traits (Dégremont et al., 2007; Chi et al., 2022). 

Traditional selective breeding techniques are inefficient for the ge
netic improvement of resistance traits due to differences in tolerance 
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among individuals within populations (Meuwissen et al., 2001; Blay 
et al., 2021). Currently, aquaculture breeding programs incorporate 
genomic information of animals for more accurate selection of candi
dates (Houston et al., 2020). In such programs, it is important that 
effective methods are used to clarify the genetic variation associated 
with disease resistance and to identify the corresponding candidate 
genes. This information can be used to conduct genome-wide association 
studies (GWAS) to identify genetic markers that are significantly asso
ciated with the target traits (Hayes and Goddard, 2010). In addition, 
SNP information can be used to implement genomic selection (GS). GS 
involves the estimation of genomic breeding values for selection can
didates, with or without phenotypic information, through prediction 
equations using relevant reference populations with genotypes and 
phenotypes (Meuwissen et al., 2001; Hayes et al., 2009). When applying 
GS in genetic improvement program, various influencing factors need to 
be considered and the predictive accuracy of different GS models need to 
be compared, ultimately selecting the most appropriate GS approach for 
the target trait. 

It has been postulated that the ability of oysters to avoid disease is 
dependent on their innate immune defense systems and, as such, efforts 
have been made over the last few years to investigate the molecular 
processes involved in oyster defense responses. Previous genome-wide 
expression profiling studies in resistant and susceptible oysters have 
highlighted reproduction, antioxidant defense, and immune as consti
tutive factors influencing the divergent phenotypes observed between 
these two groups (Fleury et al., 2010; Fleury and Huvet, 2012). Tran
scriptomic studies of multiple biparental oyster families with varying 
degrees of susceptibility to summer mortality have shown that resistant 
families consistently exhibited distinct expressions of genes associated 
with innate immune response and antiviral pathways (De Lorgeril et al., 
2020; Chi et al., 2023). A recent study identified a QTL associated with 
OsHV-1 mortality resistance in a breeding population of C. gigas, which 
correlated with the expression of IRF2 and VIPERIN (Divilov et al., 
2023). However, the genetic architecture of summer mortality resis
tance may also differ due to differences in genetic and environmental 
background. Clearly, current studies are not sufficient to provide us with 
an understanding of the complex regulatory mechanisms of summer 
mortality resistance in C. gigas. 

Our study aims to (1) detect SNPs and candidate genes associated 
with summer mortality resistance for C. gigas through GWAS, (2) 
compare the predictive accuracy of different models for GS in relation to 
summer mortality resistance. This study provides valuable data for 
further elucidation of genetic mechanisms and a preliminary exploration 
of the optimal genomics approach for summer mortality resistance in 
C. gigas, which will contribute to the future selection of resistant lines. 

2. Materials and method 

2.1. Experiment oysters 

The C. gigas families used in this study were constructed following 
the scheme described in previous studies (Chi et al., 2022; Chi et al., 
2023). Briefly, the 42 full-sib families were constructed in March 2021 at 
the Laizhou breeding base as part of the selective breeding program. 
After maturation, oyster gonads were dissected and fertilized by mixing 
sperm and eggs in a beaker, then incubated in a 100-L bucket. Larvae 
were cultured in the 100-L buckets according to the routine culture 
methods described previously (Chi et al., 2022). After a period of tem
porary rearing in ponds, spat were transported and cultivated in Rong
cheng (37◦11′N 122◦48′E), Shandong province of China in May 2021. 

2.2. Sample collection and field test 

In March 2022, oysters from 42 families were transported from 
Rongcheng to the Laizhou breeding base. Gill tissues of 1330 oysters 
were sampled, and then each sampled oyster was numbered and labelled 

with a waterproof label. To force the oyster shell to open, we chose to 
anaesthetize the oysters with MgCl2 (50 mg/mL) (Suquet et al., 2009; 
Zhai et al., 2021). A small number of gill filaments were then cut using 
fine scissors and preserved in 95% anhydrous ethanol. Previous studies 
have shown that this method of gill sampling does not result in oyster 
death or behavioral abnormalities and therefore has a negligible effect 
on oyster viability (Liu et al., 2021). Sampled oysters were not imme
diately deployed to the field but remain in the Laizhou breeding base. 
Under Laizhou breeding base, water quality, food rationing and tem
perature was controlled. The water temperature was 19–20 ◦C, salinity 
30–32%, dissolved oxygen 8–9 mg/L, and pH 8.1–8.2. In June 2022, 
sampled oysters were placed in lantern nets and sent to Rongcheng to 
test for summer mortality resistance. Oysters in lantern nets were 
checked and counted every other month and dead oyster tags were 
recorded. The water temperature fluctuated between 22 ◦C and 26 ◦C 
during the whole experiment. Survival rate was recorded until 
September 2022. Oysters were grouped according to whether they sur
vived or died, followed by DNA extraction. 

2.3. Genotyping and quality control 

DNA was extracted using phenol-chloroform method (Li et al., 2006) 
and used for whole-genome resequencing. All samples were sequenced 
on the BGI-T7 platform with 150 bp paired-end reads libraries. Raw 
reads were filtered using Fastp (Chen et al., 2018) and the clean reads 
were aligned to the C. gigas genome (cgigas_uk_roslin_v1) using the BWA 
(Li and Durbin, 2009). The alignment files were processed using soft
ware SAMtools (Li et al., 2009). The GATK software was used to discover 
and call SNPs (McKenna et al., 2010). The PLINK software was used for 
further filtering with the criteria of minor allele frequency (MAF) >
0.05, SNP call rate > 0.90 and individual call rate > 0.80. Finally, a total 
of 9,783,674 SNPs passed the quality control procedure for further 
analyses. 

2.4. Assessment of the population structure and LD 

Principal Component Analysis (PCA) was performed on all samples 
using Plink (Purcell et al., 2007). SNPs were also pruned using PLINK to 
reduce the possible effect of linkage disequilibrium (LD). The retained 
unlinked sites were further used for the individual-based assignment test 
using the Admixture software (Alexander et al., 2009). To investigate 
the LD decay in resistance and susceptible populations, nonrandom as
sociations among alleles at two or more loci were calculated using 
software PopLDdecay (Zhang et al., 2019). 

2.5. GWAS analysis 

In this study, GWAS analysis was carried out using GEMMA software 
with a linear mixed model (Zhou and Stephens, 2012). The GWAS model 
is shown below (Peng et al., 2021): 

y = Xb+ Sa+Ku+ e  

where y is the vector of observed phenotypes (binary survival); b is the 
vector of fixed effects (first 3 PCA values); a is a vector of SNP genotypes; 
u is the vector of additive genetic effects; e is the vector of residual error; 
the design matrices X, S, and K are provided to the corresponding vectors 
b, a, and μ. 

A more modest Bonferroni approach was used in calculating genome- 
wide significance threshold (Zhong et al., 2017). The genome-wide 
significant threshold was set as 1/N (N is the total number of SNPs), 
and the chromosome-wide significant threshold was set as 1/n (n is the 
number of SNPs on chromosome) (Yang et al., 2022; Peñaloza et al., 
2022). 

The phenotypic variance explained (PVE) was assessed using the 
following formula (Teslovich et al., 2010): 
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PVE =
2β̂2MAF(1 − MAF)

2β̂2MAF(1 − MAF) + (se(β̂) )22NMAF(1 − MAF)

Where β̂ is the effect size of SNP, se(β̂) is the standard error of the 
tested SNP effect size, MAF is the minor allele frequency and N is the 
sample number. 

2.6. Trait-related gene detection and functional annotation 

Given the rapid decay of LD in this population, only genes containing 
significant SNPs were identified as candidates for resistance to summer 
mortality. In addition, all significant SNPs associated with summer 
mortality resistance were annotated using software ANNOVAR (Wang 
et al., 2010). 

2.7. Heritability estimation and genomic prediction 

Survival was considered a binary variable (1 = survivors, 0 = dead). 
Three methods (PBLUP, GBLUP and ssGBLUP) were used to estimating 
variance components and heritability (Campos-Montes et al., 2023). 
PBLUP, GBLUP and ssGBLUP use the pedigree-based kinship matrix A, 
the genome-based relationship matrix G, and a blend between the 
pedigree and genomic relationship matrix H, respectively. All these 
three matrixes were constructed using the BLUPF90 (Misztal et al., 
2018). In matrix form, the mixed model by PBLUP was: 

y = u+Zg+ e 

Where y represents the vector of observations (binary survival), u is 
the overall mean of phenotypes, Z is incidence matrices, g is the vector of 
animal additive genetic effects, g ~ N (0, σ2

g A), where A is the pedigree- 
based relationship matrix, e is the vector of residual effects, e ~ N (0, 
σ2

e I), where I is an identity matrix of appropriate order. 
Heritability was calculated as follows: 

h2 =
σ2

g

σ2
g + σ2

e 

Where σ2
g is additive genetic variance components, and σ2

e is residual 
variance components. 

GBLUP and ssGBLUP use the same model specification, replacing the 
A with the G matrix or the H matrix, respectively. For GBLUP, the G 
matrix was constructed as described by VanRaden (2008): 

G =
ZZ− 1

2
∑m

i pi(1 − pi)

Where Z is a matrix of centered genotypes, pi is the MAF of SNP i, and 
m is the total number of SNP. 

For ssGBLUP, the H matrix and the inverse of the H matrix was 
constructed as (Legarra et al., 2009; Aguilar et al., 2011; Christensen and 
Lund, 2010): 

H =

(
A11 + A22A− 1

22 (G − A22)A− 1
22 A21 A12A− 1

22 G
GA− 1

22 A11 G

)

H− 1 = A− 1 +

(
0 0
0 G− 1 − A− 1

22

)

Where the subscript 1 and 2 denotes ungenotyped and genotyped 
individuals, respectively. 

To assess the potential of GS for summer mortality resistance, the 
predictive ability of GS was estimated by a five-fold cross-validation 
analysis with ten replications. GEBVs (EBVs) of summer mortality 
resistance for the validation population were predicted using four 
different methods (PBLUP, GBLUP, ssGBLUP and WssGBLUP). The 
expression of WssGBLUP is the same as ssGBLUP, with the key difference 
lying in the construction of the weighted G matrix. In WssGBLUP, the 

iterative algorithm is employed to generate the weighted G matrix, 
which is then used for estimating genomic breeding values (Wang et al., 
2012). In the first iteration, weights were fixed to 1 which corresponds 
to the standard ssGBLUP, and we performed three iterations. 

The predictive ability was calculated as described by Legarra et al. 
(2008): 

|(G)EBV , y|
̅̅̅̅̅̅̅̅

h2
obs

√

Where |(G)EBV , y| is the Pearson correlation coefficient between the 
(G)EBV and the phenotype y, h2

obs is the genomic based heritability. 

3. Results 

3.1. Oyster mortality 

Prior to the field trial, no unusual mortality (<5%) was observed in 
oysters from the Laizhou breeding center. A total of 1270 oyster were 
used in the field trial. Summer survival rates varied from 20.00 to 
85.25% among families, with a mean survival rate of 46.60% (Fig. 1A). 
Dead oysters were considered susceptible oysters and survivors were 
considered resistant oysters. In total, 279 DNA samples were collected 
from 137 susceptible oysters and 142 resistant oysters (Fig. 1B). 

3.2. Data filtering and SNP density 

Whole-genome resequencing yielded a total of 2141.09 Gb raw data, 
leaving 2123.75 Gb of clean data after removal of low-quality reads. The 
raw sequence reads have been submitted to the SRA database of NCBI 
with the accession number PRJNA1099940. Of these, 95.90% were 
successfully mapped to the reference genome. Additionally, the average 
sequencing depth for all samples was calculated to be 12.69×, with 
values ranging from 7.78× to 55.28× (Table S1). After quality control, 
9,783,674 SNPs remained in the final GWAS analyses. These SNPs 
markers were observed to be uniformly distributed across all 10 chro
mosomes of C. gigas (Fig. 2A). The number of SNPs varied across chro
mosomes, ranging from 531,014 SNPs on Chromosome 9 to 1,274,687 
SNPs on Chromosome 4. The average marker density across the genome 
was calculated to be 16,600.54 SNPs/Mb. 

3.3. Analysis of population structure and LD 

Resistant and susceptible oysters were evenly distributed according 
to PCA (Fig. 2B). The first three principal components explained 5.7%, 
4.6% and 3.9% of the population structure and genetic relatedness, 
respectively. The cross-validation error decreases continuously as the 
value of k increased, suggesting the absence of discernible sub
populations in our study (Fig. 2C). At the genomic level, LD analyses 
showed extremely rapid decay (decaying by 50% within 100 bp) and 
showed similar patterns in the resistant and susceptible populations 
(Fig. 2D). 

3.4. Genome-wide association analysis and candidate gene identification 

To identify SNPs significantly associated with summer mortality 
resistance, GWAS analysis was performed, and the results were visual
ized using Manhattan and QQ plots (Fig. 3). A total of 18 SNPs were 
significantly associated with summer mortality resistance, mainly on 
seven chromosomes (Table 1). The minimum allele frequency of the 18 
significant SNPs ranged from 0.061 to 0.301, and the PVE of these SNPs 
ranged from 8.25% to 10.14%. According to the relative positions of 
SNPs and gene loci, SNPs can be classified into three categories: inter
genic region, exons region and introns region. 

Among all the significant SNPs, a total of nine candidate genes were 
annotated, which are involved in a variety of biological processes, 
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including immune response (TLR4, HUWE1 and TBK1), signaling 
(PDE2A and SLMAP), metabolism (HEX and SLC22A8) and DNA repair 
(RAD52) (Table 2). 

3.5. Heritability estimates and genomic prediction 

The estimates of heritability are summarized in Table 3. The heri
tability of the summer mortality resistance of C. gigas was low, with 
heritabilities of 0.108 ± 0.036, 0.161 ± 0.102 and 0.134 ± 0.043 for 
PBLUP, GBLUP and ssGBLUP, respectively. 

Genomic prediction accuracy of summer mortality resistance in 
C. gigas under different models are summarized in Table 4. The corre
lation of breeding values for PBLUP, GBLUP, ssGBLUP and WssGBLUP 
were 0.220 ± 0.010, 0.153 ± 0.030, 0.219 ± 0.011 and 0.350 ± 0.007, 
respectively. The prediction accuracy of PBLUP, GBLUP, ssGBLUP and 
WssGBLUP for summer mortality resistance in C. gigas was 0.549 ±
0.026, 0.381 ± 0.074, 0.544 ± 0.026 and 0.869 ± 0.018, respectively. 

4. Discussion 

Frequent outbreaks of massive summer mortalities severely hamper 
the global oyster industry (Alfaro et al., 2019). This work was motivated 
by the desire to better elucidate the genetic architecture of summer 
mortality resistance, as well as to detect which genes may be associated 
with these traits. Ideally, oysters in lantern nets would be monitored 
daily for continuous survival phenotypes (e.g., time of death). However, 
the planting sites for this study were located in remote areas of the field. 
This made it impossible to travel to the site for extended periods of time 
at short intervals to make observations. Therefore, we used only binary 
traits for GWAS. Furthermore, the accuracy of genomic prediction was 

estimated using four different methods (PBLUP, GBLUP, ssGBLUP and 
WssGBLUP). Overall, this study not only enhance our comprehension of 
the intricate genetic basis of summer mortality resistance, but will also 
contribute to future GS of resistant C. gigas lines in selective breeding 
programs. 

Population stratification is a bias that affects the effectiveness of 
GWAS, possibly due to differences in individual genetic structure (Price 
et al., 2006). In general, PCA is a widely used method for identifying 
differences in individual ancestry. In this study, PCA and population 
structure analysis did not reveal population genetic stratification, sug
gesting that the observed variation did not contain a subpopulation 
component. GWAS relied on LD, which is a non-random correlation 
between alleles that tends to reveal recombination of alleles, and which 
interacts with selection, mutation, and genetic drift in a complex manner 
(Slatkin, 2008). The results of LD analyses indicate that LD decline in 
C. gigas is very rapid, which is consistent with the results of a previous 
study (Yang et al., 2022). In this study, a total of 9,783,674 SNPs were 
detected, and the average SNP density was 16,600.54/Mb, which was 
higher than that of previous GWAS studies for C. gigas (Gutierrez et al., 
2018; Yang et al., 2022; Liu et al., 2022). This indicates that the data 
quality of this study is reliable and provides a good basis for GWAS. 

Heritability, a vital parameter in selective breeding, is typically 
defined as the proportion of phenotypic variation attributed to geno
typic differences for a specific trait within a population (Falconer and 
Mackay, 1996). It quantifies the extent to which genetic factors 
contribute to the observed variation, aiding in the strategic improve
ment of traits through selective breeding programs (Visscher et al., 
2008). In this study, heritability values were estimated using three 
different models. The heritability estimated using SNPs (GBLUP) was 
higher than that from REML analysis of pedigree data (PBLUP). 

Fig. 1. The average survival rate of oyster families in test site (A). The oyster number of each family for sequenced individuals and unsequenced individuals (B).  
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Similarly, Gutierrez et al. (2020) found that heritability of OsHV-1 
resistance estimated using genomic information (0.37 ± 0.05) was 
higher than the pedigree estimates (0.25 ± 0.05). Similar results were 
also seen in many other aquatic animals, such as shell shape and body 
weight in triangle sail mussel, Hyriopsis cumingii (Wang et al., 2022a), 
mantle colour in Portuguese oyster, C. angulate (Vu et al., 2021) and 
harvest traits in channel catfish, Ictalurus punctatus (Garcia et al., 2018). 
The reason for this difference may be that genome-wide SNPs capture 
more genetic variation, which yields higher heritability (VanRaden, 
2008). In fact, heritability can vary depending on the statistical meth
odology applied, genotyping method, and the type of markers utilized 
(Wray and Visscher, 2008; Visscher et al., 2008; Hu et al., 2020). 

Using linear mixed model for GWAS, we identified 18 SNPs signifi
cantly associated with summer mortality resistance, and no major-effect 
QTLs for summer mortality resistance were found on these SNPs. Sig
nificant SNPs linked to summer mortality resistance were observed to be 
extensively distributed across 7 chromosomes, with no obvious 

clustering. In addition, the PVE of these SNPs was low, ranging from 
8.25% to 10.14%. These results suggest that summer mortality resis
tance maybe a polygenic trait, regulated by complex regulatory net
works of multiple interacting genes. From a practical breeding point of 
view, these SNPs could be used in GS to improve summer mortality 
resistance in C. gigas. 

A total of nine candidate genes were identified in this study. Some of 
these genes are related to innate immune response, such as TLR4 and 
TBK1. Innate immunity is the main defense mechanism against path
ogen invasion in shellfish, as the adaptive immune system is not yet fully 
developed (Song et al., 2010). TLR4 is a key protein for pathogen 
recognition during host defense and plays a crucial role in the activation 
of innate immunity (Schnare et al., 2001). It is worth noting that TLR4 
has been implicated in the immune response of C. hongkongensis against 
Vibrio Parahaemolyticus through the MyD88-dependent pathway (Chen 
et al., 2022; Yu et al., 2023). Once pathogens are recognized by PRRs, 
host cells initiate the recruitment of various adaptor proteins to activate 

Fig. 2. SNP density plots across all chromosomes of C. gigas (A). Principal component analysis of 279 oysters (green dot: resistance oysters; blue dot: susceptible 
oysters) (B). The change of cross validation error at different K-value (C). Genome-wide linkage disequilibrium (LD) decay in resistance and susceptible groups (D). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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TBK1 (Takeuchi and Akira, 2009). Previous studies have shown that 
TBK1 has a wide-ranging impact on the immune response of oysters to 
both bacteria and viruses (Tang et al., 2016; Li et al., 2022). RAPH1 is 
associated with the Ras-ERK signaling cascade which is involved in 
proliferation, differentiation and apoptosis (Lewis et al., 1998; Matsu
naga-Udagawa et al., 2010). In addition, RAPH1 was found to be 
involved in the immune response in crustaceans (Ding et al., 2018). 
Oysters are exposed to many microorganisms in the field environment. 
Elevated sea water temperatures during summer months promote the 
growth of pathogens and suppress oysters' immune systems, making 
them more susceptible to pathogens (Vezzulli et al., 2010). These 
immune-related genes may be critical in fending off invading pathogens. 

Pathogens stimulate phagocytosis and trigger a significant produc
tion of reactive oxygen species (ROS) within the host. However, this 
process can also result in oxidative damage to vital biological macro
molecules like DNA and proteins (Cutler, 1991; Feuers et al., 1993; 
Dickson and Zhou, 2020). Notably, ROS production was reported to be 
an important factor in distinguishing susceptible and resistant oyster 
lines (Delaporte et al., 2007; Lambert et al., 2007). Oysters typically face 
heat stress during the summer, which is a significant cause of massive 
summer mortalities (Chávez-Villalba et al., 2007; Rodríguez-Jaramillo 
et al., 2022). Sustained high temperature disrupt the balance between 
the oxidative and antioxidant systems of oysters, leading to DNA dam
age. We identified a candidate gene RAD52 in the GWAS results, which 

Fig. 3. Manhattan (A) and quantile-quantile (QQ) (B) plots in the genome-wide association study (GWAS) for summer mortality resistance in C. gigas. The solid red 
line represents the genome-wide significance threshold, and the dashed red line reaches the chromosome-wide significance threshold. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Summary of the 18 SNPs associated with summer mortality resistance of C. gigas.  

Marker -log10(P value) Allele Maf Location PVE% 

1:37849088 6.94 G/T 0.061 Intergenic 8.25 
1:46591678 6.37 A/T 0.290 Exonic 8.78 
2:12227761 6.63 C/T 0.116 Intronic 9.16 
3:16051384 6.17 T/G 0.086 Intronic 8.49 
5:5133380 6.10 T/G 0.072 Exonic 8.38 
5:17407160 6.50 A/T 0.156 Intergenic 8.96 
6:29508000 7.31* T/A 0.099 Intergenic 10.14 
7:41147462 6.16 T/C 0.188 Intronic 8.48 
8:39605558 6.14 C/T 0.091 Intronic 8.45 
8:43460256 6.08 C/T 0.120 Intergenic 8.36 
8:46826397 6.13 G/C 0.082 Intronic 8.43 
8:48857575 6.31 G/A 0.258 Intronic 8.70 
8:50391463 7.16* C/G 0.197 Intergenic 9.92 
8:52936220 6.59 T/C 0.186 Intronic 9.10 
8:52936226 6.54 G/A 0.181 Intronic 9.03 
8:53245946 6.04 A/T 0.163 Intergenic 8.29 
8:53927457 6.22 T/A 0.082 Intronic 8.56 
9:7293168 6.11 C/A 0.301 Intronic 8.40 

Notes: * indicates genome-wide significant level, others are chromosome-wide 
significant level, Marker names were shown as chromosome/position, PVE%: 
phenotypic variances explained. 

Table 2 
Nine candidate genes associated with summer mortality resistance in C. gigas.  

Gene 
symbol 

Chr Star (bp) End (bp) Gene annotation 

TLR4 1 46,587,202 46,592,645 toll-like receptor 4 
HEX 2 12,218,187 12,241,668 beta-hexosaminidase-like 

SLC22A8 3 16,035,142 16,062,763 
solute carrier family 22 member 
8 

PDE2A 7 41,110,551 41,157,061 
cGMP-dependent 3′,5′-cyclic 
phosphodiesterase 

HUWE1 8 39,549,711 39,612,297 
E3 ubiquitin-protein ligase 
HUWE1 

SLMAP 8 48,842,698 48,879,900 sarcolemmal membrane- 
associated protein 

RAD52 8 52,928,401 52,940,340 
DNA repair and recombination 
protein RAD52 

TBK1 8 53,902,738 53,928,301 
serine/threonine-protein kinase 
TBK1 

RAPH1 9 7,228,488 7,305,133 
ras-associated and pleckstrin 
homology domains-containing 
protein 1  

Table 3 
Estimation of variance components (σ2

a : additive variance, σ2
e : random residual 

variance) and heritability (h2) for summer mortality resistance. Standard errors 
for variance components and heritability estimates are in parentheses.  

Method σ2
a σ2

e h2 

PBLUP 0.027(0.009) 0.219(0.011) 0.108(0.036) 
GBLUP 0.041(0.026) 0.211(0.028) 0.161(0.102) 
ssGLUP 0.034(0.011) 0.216(0.011) 0.134(0.043)  

Table 4 
Genomic prediction accuracy of summer mortality resistance in C. gigas under 
different models.  

Method Relationship matrix Correlation Accuracy 

PBLUP A 0.220 ± 0.010 0.549 ± 0.026 
GBLUP G 0.153 ± 0.030 0.381 ± 0.074 
ssGBLUP H 0.219 ± 0.011 0.544 ± 0.026 
WssGBLUP H 0.350 ± 0.007 0.869 ± 0.018  
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plays a key role in genome duplication and stability. In addition, it is 
involved in in repairing externally induced DNA damage, such as 
double-strand breaks (Essers, 2002). RAD52 may help to mitigate the 
effects of DNA damage in oysters under high-pressure summer condi
tions, thereby improving summer survival. We have also identified an 
SLC22 family gene, SLC22A8, and the SLC22 family plays an important 
role in regulating homeostasis in the body by transporting small organic 
molecules. Notably, many of the metabolites transported by the SLC22 
transporter play a role in the response to reactive oxygen species- 
induced oxidative stress (Engelhart et al., 2020). Higher antioxidant 
capacity may lead to lower levels of ROS, thereby increasing oyster 
summer mortality resistance. Among the candidate genes, we also 
identified HUWE1, which mediates proteasomal degradation of target 
proteins in organisms, suggesting that ubiquitin-dependent processes 
may play a key role in resistance to summer mortality. HUWE1 has been 
reported to be closely associated with mammalian proliferation/differ
entiation, DNA repair and p53-dependent apoptosis (Thompson et al., 
2014). In addition, HUWE1 affects ROS and apoptotic signaling during 
WSSV infection in mud crabs (Scylla paramamosain) by promoting p53 
ubiquitination (Gong et al., 2022). Thus, our results suggest that the 
regulatory mechanism of summer mortality resistance is relatively 
complex, and many important key genes are involved in the regulation 
of resistance mechanism (Fig. 4). 

GS has been shown to be a useful approach to enhance resistance 
traits in aquaculture species, such as resistance to Cryptocaryon irritans 
and Pseudomonas plecoglossicida in large yellow croaker (Wang et al., 
2022b; Bai et al., 2022) and amoebic gill disease resistance in Atlantic 
salmon (Verbyla et al., 2021). In this study, four methods (PBLUP, 
GBLUP, ssGBLUP and WssGBLUP) were used and their predictive ac
curacy for EBV or GEBV was compared by five-fold cross-validation with 
ten replications. Since ssGBLUP uses both genomic and pedigree infor
mation, several studies have shown that ssGBLUP outperforms GBLUP 
and PBLUP (Campos-Montes et al., 2023; Liu et al., 2023). However, 
ssGBLUP did not have an advantage over PBLUP in our study. The lower 
improvement in ssGBLUP may be due to the small number of genotyping 
individuals. It has been reported that ssGBLUP improves less compared 
to PBLUP when the number of genotyping reference population is <500 
(Song et al., 2019). 

Some studies have reported that WssGBLUP is superior to un
weighted ssGBLUP (Vallejo et al., 2021; Song et al., 2022). In this study, 

prediction accuracy using WssGBLUP model was higher than other 
models, suggesting that WssGBLUP is an effective GS method for 
improving summer mortality resistance in this C. gigas population. 
Indeed, as reported in many studies, reference population size, genetic 
relatedness and population structure are important factors affecting the 
accuracy of genomic prediction (Song et al., 2023). Therefore, larger 
reference population sizes are still needed to ensure the accuracy of 
genomic prediction of summer mortality resistance in C. giga. In addi
tion, heritability also affects predictive accuracy, with lower heritability 
being associated with lower prediction accuracy (Daetwyler et al., 
2010). Therefore, when applying GS for selective breeding, various 
factors should be carefully considered beforehand, and then the most 
appropriate model should be selected based on specific traits. 

5. Conclusion 

In order to reveal the genetic basis of summer mortality resistance in 
C. gigas, GWAS was carried out based on whole-genome resequencing. In 
this study, a comprehensive analysis identified a total of 18 SNPs and 
nine candidate genes significantly associated with summer mortality 
resistance in C. gigas. Our results suggest that summer mortality resis
tance is driven by synergistic interactions among multiple genes asso
ciated with various biological processes. We found that summer 
mortality resistance in C. gigas has a low heritability, which was esti
mated using SNPs to be higher than the results of REML analysis of 
pedigree data. In addition, the WssGBLUP model was more suitable than 
the other three models (PBLUP, GBLUP and ssGBLUP) for predicting 
breeding values for summer mortality resistance in C. gigas. These 
findings not only help us to gain insight into the molecular regulatory 
mechanisms of summer mortality resistance, but also contribute to GS 
for resistance traits in C. gigas. 
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