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A B S T R A C T   

Triploid oysters often have higher growth rates and survival rates than diploid oysters. However, some studies 
have observed the opposite patterns. Triploid oysters have also been observed to show reduced resistance to 
stress and disease compared with diploid oysters. We compared the transcriptional patterns of diploid and 
triploid Pacific Oysters (Crassostrea gigas) in response to acute and prolonged thermal stress. The survival rate of 
triploid C. gigas was lower than that of diploid oysters after prolonged heat stress at 28 ◦C. A total of 779 and 396 
differentially expressed genes (DEGs) were detected in diploid and triploid oysters exposed to acute heat stress, 
respectively, and the number of DEGs was 418 in diploids and 483 in triploids after prolonged heat stress. 
Functional enrichment analysis revealed that the DEGs were significantly enriched in protein processing in the 
endoplasmic reticulum pathway, NF-kappa B signaling pathway, NOD-like receptor signaling pathway, and TNF 
signaling pathway in both diploid and triploid C. gigas under heat stress. Genes encoding translation initiation 
factors, including MKNK1, eIF4G3, eIF2a kinase 1, and eIF2a kinase 3, were differentially expressed under acute 
heat stress in diploid oysters. The number of differentially expressed HSP and IAP genes was greater in diploids 
than in triploids under acute heat stress, and the expression levels of most of these HSP and IAP genes were 
higher in diploid oysters than in triploid oysters. Overall, our findings revealed differences in the response of 
diploid and triploid C. gigas to thermal stress. Triploid C. gigas might be less capable of rapidly modifying the 
inflammatory response and apoptosis in response to heat stress compared with diploid C. gigas. Different genetic 
lines of diploid and tetraploid oysters should be used to produce triploid oysters with increased stress resistance.   

1. Introduction 

The Pacific Oyster, C. gigas, is one of the most widely cultured 
shellfish with an important commercial and ecological value (Xing et al., 
2018; Zhu et al., 2016). Triploid oysters were developed approximately 
40 years ago to increase oyster production (Stanley et al., 1981), and 
they are now widely cultured in Asia, North America, Australia, and 
Europe (Nell, 2002; Wadsworth, 2018). Triploid oysters have higher 
growth performance, survival rates, and meat quality compared with 
diploid oysters (Hand et al., 1998; Nell et al., 1994; Vialova, 2020; 
Wadsworth et al., 2019a). Triploid oysters are considered reproduc
tively sterile, and their meat weight is maintained throughout the 
spawning season; this greatly enhances their marketability compared 
with diploid oysters, which tend to decrease in meat weight during the 
spawning season (Matt et al., 2020). Triploid oyster production has 

increased substantially to meet the continually growing demand for 
oysters by consumers (Haure et al., 2021). There are currently two main 
approaches for producing triploid oysters: chemical induction or crosses 
of diploid females with tetraploid males (Gérard et al., 1999; Guo et al., 
1996). Only the latter method is capable of generating a fully triploid 
population (Guo et al., 1996). Triploid oysters have faster growth rates 
than diploids, especially at sites with high trophic richness (Normand 
et al., 2008). The faster growth of triploid oysters likely stems from their 
sterility, increased heterozygosity, and cell size (Wang et al., 2002). 
Sterility allows the energy normally required for spawning to be real
located to somatic growth (Guo and Allen, 1994). 

Several studies of the survival of diploid and triploid oysters and 
their resistance to various pathogens have been conducted, and the re
sults of these studies have varied (De Decker et al., 2011; Hand et al., 
2004). Triploid C. gigas might be more resistant to summer mortality 
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than diploids and possess other advantages for surviving in warm cli
mates (Shpigel et al., 1992). Some studies have shown that triploid 
oysters have higher survival rates following pathogen exposure 
compared with diploid oysters (Hand et al., 1998; Pernet et al., 2012), 
whereas other studies have found the opposite pattern (Cheney et al., 
2000; De Decker et al., 2011; Garnier-Gere et al., 2002). Garnier-Gere 
et al. (2002) found that growth rates of triploid C. gigas were higher than 
those of diploid oysters at both oligotrophic and eutrophic sites; how
ever, the survival rates of triploid and diploid oysters were similar at 
both sites. Duchemin et al. (2007) showed that variation in immune 
parameters among seasons is lower in triploid oysters than in diploid 
oysters, which indicates that triploids are less sensitive to environmental 
cues. The cumulative mortality of triploid Eastern Oyster (Crassostrea 
virginica) in the northern Gulf of Mexico is higher than that of diploid 
oysters (Wadsworth et al., 2019b). Triploid oysters are physiologically 
weak and thus more vulnerable to infection by pathogens than diploid 
oysters during the winter months, which is a period when diploid in
dividuals do not incur the costs of reproductive activity (De Decker et al., 
2011). 

High mortality of both diploid and triploid oysters has been reported 
during the summer months over the past several decades (Dégremont 
et al., 2012), and this has motivated increased interest in the effect of 
heat stress on oysters (Lang et al., 2009; Li et al., 2007; Zhang et al., 
2019). Oysters have evolved various mechanisms, as well as a diverse set 
of genes, to facilitate adaptation to temperature extremes (Zhang et al., 
2012a). Under heat stress, the basic life activities of C. gigas, including 
energy metabolism, the unfolded protein response, and anti-apoptotic 
system, are affected, and several genes involved in the refolding and 
stabilization of protein structure are activated to repair stress-related 
injuries (Yang et al., 2017). If heat stress persists, stress-related in
juries become irreparable, which eventually leads to the activation of 
apoptotic genes (Yang et al., 2017). Analysis of the oyster genome and 
transcriptome data has suggested that the expansion of heat shock 
protein 70 protein (HSP70s) and inhibitor of apoptosis (IAPs) families 
has likely played a key role in mediating the adaptation of oysters to 
sessile life in the intertidal zone, which is a physiologically stressful 
environment (Zhang et al., 2012a). 

High temperatures have a substantial effect on the energy meta
bolism and immune response of oysters and thus increase their suscep
tibility to pathogens (Delisle et al., 2018; Gagnaire et al., 2006). Many 
studies have examined the response of C. gigas to high temperature (Lim 
et al., 2016; Liu et al., 2019; Nash et al., 2019; Yang et al., 2017). Few 
comparative transcriptomic analyses of triploid and diploid oysters have 
been conducted to date. Here, we used high-throughput RNA sequencing 
(RNA-seq) to characterize differences in expression patterns between 
triploid and diploid C. gigas under acute and prolonged thermal stress. 
Overall, our aim was to reveal the responses of diploid and triploid 
C. gigas to thermal stress. 

2. Materials and methods 

2.1. Oysters and thermal stress 

Hatchery-produced triploid and diploid C. gigas (two years in age) 
were used in this experiment. Triploid oysters were produced by 
crossing 150 diploid females with 30 tetraploid males, and diploid 
oysters were produced by crossing 50 diploid females with 50 diploid 
males. All oysters were cultured in a farm in Sanggou Bay, Shandong 
Province, China. Prior to experiments, the ploidy level of oysters was 
measured using a flow cytometer (Beckman Coulter, Brea, CA, USA). 
Diploid and triploid C. gigas were acclimatized to the experimental 
environment in 500-L plastic tanks at 18 ◦C for 10 d. Oysters were fed 
Chlorella vulgaris, and approximately one-third of the seawater was 
exchanged daily. After acclimatization, triploid and diploid oysters were 
transferred to 28 ◦C seawater. There were three replicates for both 
triploid and diploid oysters, and there were 90 oysters in each replicate. 

Dead oysters were removed from the tank as soon as they were detected. 
Surviving oysters were cultured at 28 ◦C until no deaths were observed 
for two consecutive days (Fig. 1). Three surviving individuals were 
randomly selected for sampling from each replicate at 0 h, 12 h, and 9 d; 
samples from each of these sampling events were referred to as A0d and 
A0t, A12d and A12t, and Afd and Aft, respectively. The characters “0,” 
“12,” and “f” refer to the timing of sampling (0 h, 12 h, and the final 
sampling event after no deaths were observed for two consecutive days, 
respectively), and “d” and “t” stand for diploid and triploid, respectively. 
Whole gill tissues were collected and frozen immediately in liquid ni
trogen; they were then stored at − 80 ◦C until RNA extraction. The final 
survival rate of triploid and diploid oysters was calculated. 

2.2. RNA extraction and library construction for transcriptome 
sequencing 

Total RNA was extracted from gill tissues using the TRIzol Reagent 
(Ambion, USA) per the manufacturer's protocol. The quality and integ
rity of total RNA were detected using a 1% agarose gel as well as an RNA 
Nano 6000 Assay Kit and Bioanalyzer 2100 system (Agilent Technolo
gies, CA, USA), respectively. The total RNA of each of the three diploid 
and triploid samples from each time point was pooled into single sam
ples with the same concentration. The mixed total RNA samples were 
referred to as A0d_1, A0d_2, A0d_3, A0t_1, A0t_2, A0t_3, A12d_1, 
A12d_2, A12d_3, A12t_1, A12t_2, A12t_3, Afd_1, Afd_2, Afd_3, Aft_1, 
Aft_2, and Aft_3. One μg of total RNA per sample was used for the RNA 
sample preparations. Poly-T oligo-attached magnetic beads were used to 
purify total RNA. Random hexamer primers and M-MuLV Reverse 
Transcriptase (RNase H) were used to synthesize first-strand cDNA. DNA 
Polymerase I and RNase H were used to synthesize second-strand cDNA. 
An AMPure XP system (Beckman Coulter, Beverly, USA) was used to 
purify the library fragments and obtain cDNA fragments with a length of 
370–420 bp. Phusion High-Fidelity DNA polymerase, Universal PCR 
primers, and Index (X) Primer PCR were used to perform PCR. After 
purification of the PCR products (AMPure XP system), an Agilent Bio
analyzer 2100 system was used to assess the quality of the library. The 
NEBNext mRNA Library Prep Master Mix Set and Illumina HiSeq X 
sequencing were used to construct RNA-seq libraries. 

2.3. Sequence filtering, mapping, and differential expression analysis 

The quality of the raw reads was assessed using FastQC v0.11.8, and 
the Q20, Q30, and GC content of the clean data were determined. The 
reference C. gigas genome (cgigas_uk_roslin_v1) was downloaded from 
NCBI (https://www.ncbi.nlm.nih.gov/genome). The index of the refer
ence genome was constructed using Hisat2 v2.2.0, and paired-end clean 
reads were aligned to the reference genome. All downstream analyses 
were conducted using the clean reads. The number of reads mapped to 
the reference genome gene was counted using featureCounts software. 
The fragments per kilobase per million fragments mapped values of each 
gene were calculated based on the length of the gene and the number of 
reads mapped to this gene. The abundances of each gene in read count 
values were normalized using the transcripts per million (TPM) method. 
Principal component analysis (PCA) was used to examine variation in 
the gene expression patterns of samples among the different time points. 
Correlations among all samples were analyzed using RStudio v1.4.1717 
software. The DESeq2 R package was used to analyze differential 
expression patterns (Love et al., 2014). Differentially expressed genes 
(DEGs) were identified using the following criteria: adjusted P < 0.05 
and |log2(fold change)| > 1. 

2.4. Functional annotation and enrichment analysis 

The functional annotations of proteins were predicted using eggNOG 
v5.0 (Huerta-Cepas et al., 2019), and this information was associated 
with the genome annotation file. Gene Ontology (GO) analysis of DEGs 
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was conducted using the ClusterProfiler v4.0.2 R package (Ashburner 
et al., 2000). DEGs were considered significantly enriched in GO terms 
when P was less than 0.05. Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis can provide key insights into the 
high-level functions and utilities of biological systems (Ogata et al., 
1999). The KEGG pathways in which DEGs were enriched were deter
mined using the ClusterProfiler v4.0.2R package. 

2.5. Validation and expression analysis of selected DEGs 

The expression levels 15 DEGs were validated using quantitative 
real-time PCR (qPCR). Primers for qPCR were designed using Primer 
Premier 5 software. The elongation factor 1-α (EF1-α) gene was used as 
the reference gene for qPCR analysis because a previous study has shown 
that it is stably expressed under stress conditions (Du et al., 2013). A 
series of five 10-fold dilutions of cDNA was conducted, and the effi
ciency of PCR amplification was evaluated using the following equation: 
Efficiency = 10(− 1/slope). For qPCR, the TransScript® One-Step gDNA 
Removal and cDNA Synthesis SuperMix (TransGen Biotech, China) were 
used to reverse-transcribe total RNA to cDNA. qPCR reactions were 
performed using TB Green® Premix Ex Taq™ II (Takara, China) in a 
total volume of 20 μL containing 2 μL of diluted cDNA, 1 μL of each 
primer, 10 μL of TB Green PCR Master Mix, and 6 μL of H2O with the 
following thermal cycling conditions: 95 ◦C for 30 s, followed by 40 
cycles of 95 ◦C for 5 s, 60 ◦C for 30 s, and 65 ◦C for 1 min. Triplicate 
reactions were conducted for each sample in the Roche LightCycler 480 
Real-Time PCR System (Roche, Switzerland). Expression levels were 
determined using the 2-ΔΔCT method. 

3. Results 

3.1. Survival statistics 

The resistance of triploid and diploid oysters to thermal stress was 
evaluated based on their survival rates. The survival of diploid and 
triploid oysters was 100% during the acclimatization period (Fig. 1). 
Acute heat stress for 12 h did not result in the death of any oysters. The 
first deaths of both diploid and triploid oysters were observed after 2 d of 
heat stress. The number of deaths of triploid oysters was greater than 
that of diploid oysters during prolonged heat stress, especially at 8 and 9 
d. The survival of diploid and triploid oysters gradually stabilized after 9 
d of heat stress, as no dead oysters were observed thereafter. The sur
vival rate of triploid oysters (42.95 ± 10.32%) was lower than that of 
diploid oysters (62.27 ± 8.81%) by the end of the experiment. 

3.2. Transcriptome assemblies 

A total of 867,834,454 raw paired-end reads were obtained 
(Table S1). After filtering, 831,151,096 clean reads (Q30: 
93.23–94.70%) were retained and used for transcriptome assembly. The 
clean reads were submitted to the NCBI SRA database under the acces
sion number PRJNA762441. The average alignment rate at which the 
clean data for each sample were mapped to the C. gigas reference 
genome was 78.12% (Table S1). After alignment, the abundances of 
whole genes were estimated to read count values and normalized using 
the TPM method. The correlations among all samples ranged from 0.83 
to 0.99 (Fig. S1A). Samples from the same time point were clustered 
together according to PCA. PC1 explained 52.06% of the variation in the 
data and was highly correlated with the differential gene expression 
patterns of C. gigas and thermal stress (Fig. S1B). The Aft and Afd groups 
were clustered into a single branch, and the A0t, A0d, A12t, and A12d 
groups were clustered into another branch according to hierarchical 
clustering analysis (Fig. S1C). 

3.3. DEGs 

The expression distribution of all transcripts is shown in Fig. 2. We 
detected a total of 779 DEGs in the A12d vs. A0d comparison, including 
218 up-regulated genes and 561 down-regulated genes (Fig. 2A); 396 
DEGs were detected in the A12t vs. A0t comparison, including 137 up- 
regulated genes and 259 down-regulated genes (Fig. 2B); 418 DEGs 
were detected in the Afd vs. A0d comparison, including 181 up- 
regulated genes and 237 down-regulated genes (Fig. 2C); and 483 
DEGs were detected in the Aft vs. A0t comparison, including 290 up- 
regulated genes and 193 down-regulated genes (Fig. 2D). The number 
of DEGs was higher in diploid oysters than in triploid oysters under acute 
heat stress for 12 h (Fig. 2E). After prolonged heat stress, the number of 
DEGs in diploid oysters was 418, and the number of DEGs in triploid 
oysters was 483. A Venn diagram revealed the shared and unique DEGs 
among the A12d vs. A0d, A12t vs. A0t, Afd vs. A0d, and Aft vs. A0t 
comparisons (Fig. 2F). 

The expression of several genes was significantly altered in diploid 
and triploid C. gigas under acute heat stress, including those encoding 
baculoviral IAP repeat-containing proteins (BIRCs), calnexin (CANX), 
ATP-dependent RNA helicase (DDX58), DnaJ homolog subfamily C 
members (DnaJs), heat shock proteins (HSP20, HSP70, HSPA5, and 
HSPB1), and transient receptor potential cation channel subfamily M 
member (TRPM) (Table S2). Unique DEGs detected in the A12d group 
included MAP kinase-interacting serine/threonine-protein kinase 1 
(MKNK1), eukaryotic translation initiation factor 4 gamma 3 isoform X5 

Fig. 1. The experimental temperature and survival rate of triploid and diploid Crassostrea gigas. The red and black solid lines indicate the survival rate of triploids and 
diploids, respectively. The green dotted line indicates the experimental temperature. (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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(eIF4G3), eIF2-alpha kinases (eIF2α kinase1 and eIF2α kinase3), caspase 2 
(CASP2), TNF receptor superfamily member 19 (FADD), TNF receptor- 
associated factor 2 (TRAF2), DNA damage-regulated autophagy modu
lator 2 (DRAM2), and nitric oxide synthase (NOS). After prolonged heat 
stress, the expression of the genes NADPH oxidase 5 (NOX5), caspase-8 
(CASP8), cytochrome b5 (CYB5), complement c1q-like 4 (C1qL4), and 
complement c1q tumor necrosis factor-related protein 3 (C1qTNF3) was 
highly up-regulated in both diploid and triploid oysters. Some unique 
DEGs were also detected in the Aft group, including DNA replication 
licensing factors (MCMs), cytochrome P450 3A9 isoform X2 (CYP3A9), 
and TRAF3. We detected four DEGs in both diploids and triploids during 
exposure to heat stress, including serine/arginine-rich splicing factor 4 
(SRSF4), protein disulfide-isomerase A6 (PDIA6), heat shock protein 90- 
kDa beta (HSP90B1), and peptidyl-prolyl cis-trans isomerase B isoform 
X2 (PPIase) (Table S2). 

3.4. GO analysis 

A total of 829, 673, 458, and 685 GO terms were enriched in the 
A12d, A12t, Afd, and Aft groups, respectively (Fig. 3A & C). The pro
portions of DEGs in the GO categories biological process, molecular 
function, and cell component in these four groups were similar (Fig. 3A). 
The number of overlapping and unique GO terms in these four groups is 
shown in Fig. 3C. The overlapping terms among all four groups from the 
top 30 GO terms were positive regulation of cellular process 
(GO:0048522) and catalytic activity (GO:0003824). Other overlapping 
or unique GO terms related to the stress response included cellular 
response to stimulus (GO:0051716), response to stress (GO:0006950), 
regulation of response to stimulus (GO:0048583), and response to 
stimulus (GO:0050896) (Fig. 4A–D). We found that the magnitude of the 
changes in the expression of DEGs involved in stress responses, cell 
process, and metabolism differed in diploids and triploids (Fig. 4E & F). 
The expression of DEGs in these GO terms was slightly lower in triploid 

oysters than in diploid oysters at 12 h and slightly higher in triploid 
oysters than in diploid oysters at 9 d. The number of DEGs enriched in 
these GO terms decreased in diploids and increased in triploids from 12 
h to 9 d under heat stress. 

3.5. KEGG pathway enrichment analysis 

DEGs in the A12d, A12t, Afd, and Aft groups were significantly 
enriched in 14, 19, 5, and 15 KEGG pathways, respectively (Fig. 3B & D). 
Under acute heat stress, the significantly enriched signaling pathways 
shared by diploids and triploids were TNF signaling pathway, NF-kappa 
B signaling pathway, NOD-like receptor signaling pathway, thyroid 
hormone synthesis, toxoplasmosis, and cytosolic DNA-sensing pathway 
(Fig. 5A & B). Most DEGs were significantly enriched in the “protein 
processing in the endoplasmic reticulum” pathway in the A12d (25/128 
gene ratio) and A12t (21/128 gene ratio) groups. After prolonged 
thermal stress, the number of significantly enriched KEGG pathways was 
lowest in the Afd group (five enriched pathways), and no overlap was 
observed in these pathways with other groups (Fig. 3D); by contrast, a 
total of 15 significantly enriched KEGG signaling pathways were 
detected in the Aft group. The IL-17 signaling pathway was specifically 
enriched in triploids (in both the A12t and Aft groups, Fig. 5B & D). The 
co-expression network of the top KEGG pathways revealed the re
lationships among DEGs in the different pathways (Fig. S2A–C). The key 
DEGs in these pathways are shown in Fig. S2D–F. 

3.6. Analysis of DEG families 

A heatmap of the DEGs in the A12d, A12t, Afd, and Aft groups was 
constructed to characterize the global expression profiles of DEGs in 
each group (Fig. 6A). The expression of expanded gene family members 
(HSPs and IAPs) was significantly altered under heat stress. The 
expression of these differentially expressed HSP and IAP members 
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differed in diploids and triploids. A total of 30 HSP DEGs were detected, 
and their expression patterns in each group are shown in a line chart 
(Fig. 6B). In diploids, the expression of 23 HSPs was significantly up- 
regulated in the A12d group, and only two significantly up-regulated 
HSPs were detected in the Afd group. However, in triploids, the 
expression of 17 and 10 HSPs was significantly up-regulated in the A12t 
and Aft groups, respectively. A total of 27 of the 30 HSPs showed higher 
expression in the A12d group than in the A12t group (Fig. 6D). Under 
heat stress, a total of 11 significantly modulated IAPs (BIRC and IAP) 
were detected; 8 of the 11 IAPs were significantly up-regulated in the 
A12d group, and 0 IAPs were significantly up-regulated in the Afd group 
(Fig. 6C). The expression levels of most of these IAPs were higher in the 
A12d group than in the A12t group (Fig. 6E). 

3.7. qPCR validation 

The accuracy of the RNA-seq results was evaluated using qPCR. We 
used 15 DEGs involved in the response to acute and prolonged thermal 
stress. The specific primers for these genes are listed in Table S3. The 
amplification efficiencies of these primers ranged from 0.90 to 1.10. The 
fold change of the selected DEGs detected by qPCR was compared with 
that determined by RNA-seq expression analysis (Table 1). Fold-change 
values for most of these DEGs were similar, indicating that the results of 
the RNA-seq expression analysis are accurate. 

4. Discussion 

Temperature has a significant effect on the growth and metabolism 

of oysters (Lim et al., 2016). Some studies have shown that the survival 
rate of triploid oysters is lower than that of diploid oysters. Other studies 
have found that the survival rate of triploid oysters is higher than that of 
diploid oysters and that the difference in the survival of triploid and 
diploid oysters is particularly pronounced in the summer. We compared 
the survival rate and the transcriptomic response of diploid and triploid 
C. gigas to acute and prolonged thermal stress. All oysters survived 
exposure to acute heat stress. However, the survival rate of triploid 
C. gigas was lower (42.95 ± 10.32%) than that of diploid C. gigas (62.27 
± 8.81%) after prolonged heat stress. Prolonged high temperature 
substantially reduced the survival of both diploid and triploid oysters, 
and the survival rate of triploid oysters was lower than that of diploid 
oysters. Overall, our findings indicated that the high-temperature 
tolerance of triploid oysters is weaker than that of diploid oysters dur
ing the winter months when diploids do not incur the costs of repro
ductive activity. 

4.1. Responses of diploid and triploid C. gigas to heat stress 

The response of oysters to thermal stress is a complex process 
involving various regulatory pathways and genes (Zhang et al., 2012b). 
Our comparative transcriptome analysis identified 100 DEGs in diploid 
and triploid C. gigas under acute heat stress. Most of the shared DEGs 
were enriched in the following pathways: protein processing in the 
endoplasmic reticulum pathway, NF-kappa B signaling pathway, NOD- 
like receptor signaling pathway, and TNF signaling pathway. Under 
heat stress, misfolded and unfolded proteins accumulate in the endo
plasmic reticulum, which results in persistent endoplasmic reticulum 
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Fig. 4. The top 30 enriched GO terms derived from the GO enrichment analysis of the A12d (A), Afd (B), A12t (C), and Aft (D) groups. The number of DEGs 
significantly enriched in stress response, cell process, and metabolism-related GO terms in the A12d, Afd, A12t, and Aft groups (E & F). 
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stress and cell death (Haynes et al., 2004; Li et al., 2021). Protein pro
cessing in the endoplasmic reticulum pathway can alleviate endoplasmic 
reticulum stress and improve cell survival by helping misfolded proteins 
refold into their correct molecular conformation or promoting the 
degradation of misfolded polypeptides (Haynes et al., 2004; Huang 
et al., 2018; Xiao et al., 2021). The NF-kappa B signaling pathway is a 
well-known intracellular signaling cascade that plays a key role in the 
transcription factor NF-kappa B family (Huang et al., 2012). The acti
vation of NF-kappa B regulates several genes involved in various pro
cesses (Barnes, 1997; Nelson et al., 2004). NF-kappa B plays a key role in 
intracellular transduction, stress signal sensing, the endocrine system, 
and the immune response of bivalves in response to stress (Nie et al., 
2020a). The TNF signaling pathway and NOD-like receptor signaling 
pathway are involved in the activation of NF-kappa B, cytokine pro
duction, and apoptosis (Caruso et al., 2014; Hsu et al., 1995). Thus, the 
NF-kappa B pathway might contribute to the regulation of the response 
to heat stress in C. gigas. 

We also detected differences in the transcriptional responses of 
diploids and triploids to acute heat stress. The expression of some 

translation initiation factor-related genes, including MKNK1, eIF4G3, 
eIF2a kinase 1, and eIF2a kinase 3, was significantly up-regulated in the 
A12d group; however, no significant changes in the expression of these 
genes were observed in the A12t group. Phosphorylation of eIF2 
(EIF2AK) by protein kinases can alleviate cellular injury by inducing 
apoptosis in response to high temperatures (Wek et al., 2006). Phos
phorylation of eIF2 results in a rapid reduction in translational initiation 
and the repression of global protein synthesis, which allows cells to 
conserve resources and alters the expression of genes to mediate the 
response to stress (Wek et al., 2006). Apoptosis is a genetically pro
grammed process involved in the elimination of damaged or redundant 
cells without triggering inflammation (Sokolova, 2009). In our study, 
the apoptosis pathway was enriched in diploid oysters following acute 
heat stress. Most of the DEGs enriched in the apoptosis pathway were 
IAPs, and the expression of these IAPs was significantly up-regulated. X- 
linked IAPs can inhibit caspases by directly binding to them, and cIAPs 
bind to caspase-3/7 to mark them for proteasomal degradation (Shiozaki 
et al., 2003). cIAPs also bind to TRAFs, which block TRAF-induced cell 
death and activate signaling pathways that induce the expression of pro- 

A12d vs A0d A12t vs A0t

Aft vs A0t
Afd vs A0d

A

C

B

D

Fig. 5. KEGG enrichment analysis of DEGs in the A12d (A), A12t (B), Afd (C), and Aft (D) groups. The arrows and pentagrams indicate key pathways.  
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survival proteins (Rothe et al., 1995). These findings suggest that the 
response of diploid C. gigas to acute heat stress was stronger and more 
rapid than that of triploids and that the heat stress response of both 
diploid and triploid C. gigas involved a reduction in translational initi
ation and the induction of apoptosis. 

The response to thermal stress in C. gigas is a complex process. Study 
of C. gigas under prolonged heat stress can provide more detailed in
formation on the response of diploid and triploid oysters to heat stress. 
No deaths of triploid and diploid oysters were observed for two 
consecutive days following exposure to prolonged heat stress, which 

indicates that both triploid and diploid oysters became adapted to heat 
stress. The number of DEGs was lower in diploid oysters than in triploid 
oysters during this period of adaptation to prolonged heat stress. DEGs 
in the Afd group were mainly involved in biological adhesion, calcium 
ion binding, cytochrome P450 family, and RNA-mediated transposition, 
whereas DEGs in the Aft group were mainly involved in the inflamma
tory response, apoptosis, transcription regulation, and cell cycle. Trip
loid oysters appear to be less sensitive to environmental cues than 
diploid oysters (Duchemin et al., 2007). These findings indicate that 
changes in the inflammatory response and apoptosis occurred more 
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slowly in triploid oysters than in diploid oysters. Thus, prolonged heat 
stress had a more pronounced effect on the inflammatory response and 
induced more cell damage in triploid oysters than in diploid oysters. 

4.2. Evidence for the susceptibility of triploid oysters to heat damage 

In our study, the number of DEGs was lower in triploid oysters than 
in diploid oysters during exposure to acute thermal stress. The survival 
rate of triploids was lower than that of diploids following exposure to 
prolonged thermal stress. Consistent with this finding, the number of 
enriched KEGG pathways and GO terms, especially stress response- 
related GO terms, was lower in diploids in the Afd group than in trip
loids in the Aft group. Only five enriched KEGG pathways were detected 
in the Afd group, and none of these were stress response-related path
ways; by contrast, in the Aft group, 15 enriched KEGG pathways related 
to the immune response, apoptosis, and cell cycle were enriched in the 
Aft group. The number of DEGs involved in stress responses, cell process, 
and metabolism-related GO terms was lower in the Afd group than in the 
Aft group during prolonged heat stress. These findings indicate the 
gradual adaptation of diploids to heat stress, followed by recovery to a 
physiologically stable state; the adaptation of triploids to heat stress and 
the recovery process took much longer by comparison. 

A greater number of HSPs and IAPs were differentially expressed in 
diploid oysters than in triploid oysters following acute heat stress. The 
expression of most HSPs and IAPs was higher in diploid oysters than in 
triploid oysters under acute heat stress. HSPs are a diverse group of heat- 
induced molecular chaperones that are conserved in eukaryotes and 
involved in the response to high-temperature stress. HSP70s are thought 
to be expanding in C. gigas (Zhang et al., 2012a), and the induced 
expression of HSP70 genes can mediate the adaptation of C. gigas to 
high-temperature stress (Ding et al., 2020). Recent studies have also 
demonstrated that increases in the concentration of molecular chaper
ones can mediate the repair of heat-induced cellular damage (Dong 
et al., 2010; Meistertzheim et al., 2007; Villamil et al., 2007). In our 
study, a total of 30 HSP genes were differentially expressed in at least 
one group. Among them, 27 of the 30 HSP genes were differentially 
expressed in the A12d group compared with 17 of the 30 HSP genes in 

the A12t group. The expression of 26 of the 30 HSP genes was higher in 
diploid oysters than in triploid oysters. Previous studies have shown that 
the high inducibility of HSPs in oysters allows them to cope with acute 
thermal stress (Clegg et al., 1998; Ivanina et al., 2009). The expression of 
HSP70 gene family members is significantly up-regulated in thermoto
lerant oysters but down-regulated in thermosusceptible oysters (Kim 
et al., 2017). The number of differentially expressed BIRCs was higher in 
diploid oysters than in triploid oysters following acute heat stress. BIRC 
genes belong to the IAP gene family and encode negative regulatory 
proteins that suppress caspases to prevent apoptotic cell death (Nie 
et al., 2020b; Wu et al., 2019). In bivalves, the expression of some IAPs is 
up-regulated in response to different types of stress (Song et al., 2021; 
Zhang et al., 2012a). In C. gigas, the anti-apoptosis system, especially the 
expansion of the IAP family, plays a key role in their ability to withstand 
various biotic and abiotic stresses (Zhang et al., 2012a). In our study, the 
expression of 8 of the 11 differentially expressed BIRC genes was higher 
in diploid oysters than in triploid oysters following acute heat stress. 
Overall, these findings indicate that the response of triploid oysters to 
heat stress might be weaker and slower compared with that of diploid 
oysters. 

Consistent with our results, previous studies have indicated that 
triploidy might negatively affect survival. Duchemin et al. (2007) found 
that triploid C. gigas is less sensitive to environmental cues than diploid 
C. gigas because there is less variation in the total hemocyte count among 
seasons in the former than in the latter. Triploid C. gigas in Puget Sound, 
Washington, and Tomales Bay, California show consistently higher 
mortality rates than diploid oysters (Cheney et al., 2000). Wadsworth 
(2018) found that the mortality of triploid C. virginica was significantly 
higher than that of diploid oysters in the northern Gulf of Mexico. Our 
experiment was conducted in the winter, a period when diploid oysters 
do not incur the costs of reproductive activity. The low survival rate and 
the weaker response of triploids to heat stress might stem from an 
intrinsic depression in their performance during the winter months (De 
Decker et al., 2011). 

The high meat weight of triploid oysters is maintained throughout 
the year, indicating that triploid oysters require more costs to sustain 
their homeostasis in response to environmental changes (De Decker 
et al., 2011). Although triploid oysters have larger cells, increases in 
genomic content (three sets of chromosomes) might alter the cell nu
cleus: cell surface area ratio, which might negatively affect the ability of 
triploids to withstand thermal stress. Higher temperatures have also 
been shown to negatively affect the survival of triploid fish to a greater 
degree than diploid fish (Hyndman et al., 2003). The adverse effects of 
high temperatures might be particularly strong on triploid oysters dur
ing the winter when the costs of the reproductive activity of diploids are 
low. 

Previous studies have shown that the resistance of diploid oysters to 
heat stress can be transmitted to their triploid progeny (Hand et al., 
2004). Additional research is needed to develop diploid oysters resistant 
to thermal stress through mass or family selection and evaluate the 
degree to which thermal tolerance can be passed on to triploid progeny. 

5. Conclusions 

We conducted a comparative transcriptomic analysis of the gills of 
diploid and triploid C. gigas following exposure to acute and prolonged 
heat stress. Analysis of the DEGs revealed differences in the response of 
diploid and triploid C. gigas to acute and prolonged thermal stress. The 
response of diploid C. gigas to acute heat stress, which involved reducing 
translational initiation and inducing apoptosis, was more effective and 
rapid compared with that of triploid oysters, and this likely explains the 
lower thermal tolerance and thermal adaptive capacity of triploid oys
ters compared with diploid oysters. C. gigas lines resistant to thermal 
stress need to be developed to produce triploids with high thermal 
resistance. 

Supplementary data to this article can be found online at https://doi. 

Table 1 
Validation of RNA-Seq results using qPCR.  

Group ID Gene abbreviation Log2 fold change 

RNA-seq qPCR 

A12d vs A0d 

LOC105343216 HSP20 8.95 8.90 
LOC105334234 HSP70 5.31 3.05 
LOC105347317 HSPBP1 2.05 2.65 
LOC105323151 DNAJB5 1.79 1.86 
LOC105317959 CDC37 1.66 2.03 
LOC105330898 DNAJC3 1.49 1.72 
LOC105344505 CANX 1.30 1.19 
LOC105333990 DDX58 1.29 3.04 
LOC105343206 DRAM2 1.22 1.51 
LOC105340223 HSP90B1 1.21 1.03 
LOC105326897 TRPM2 − 1.12 − 0.86 

A12t vs A0t 

LOC105343216 HSP20 6.97 6.87 
LOC105334234 HSP70 3.36 5.17 
LOC105340223 HSP90B1 1.80 3.37 
LOC105333990 DDX58 1.50 1.23 
LOC105330898 DNAJC3 1.37 1.37 
LOC105344505 CANX 1.25 2.45 
LOC105341798 DDX58 1.23 1.49 
LOC105317959 CDC37 1.03 1.11 
LOC105326897 TRPM2 − 1.34 − 1.02 

Afd vs A0d 
LOC117688268 NOX5 1.28 4.06 
LOC105340223 HSP90B1 1.20 1.37 
LOC105336572 CYP2J2 − 1.24 − 2.42 

Aft vs A0t 

LOC105340223 HSP90B1 1.30 1.34 
LOC105348057 NOX5 1.18 1.83 
LOC117688268 NOX5 1.09 3.19 
LOC105336572 CYP2J2 − 1.26 − 3.36  
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