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Abstract Crossbreeding is an effective approach to manage the genetic decline in aquaculture. One-way hybrids of Crassostrea
sikamea (Q) and Crassostrea gigas (3) have advantages in growth traits and adaptation to high temperature. Here, we used high-
throughput sequencing to analyze the molecular processes in the hybrids under and after thermal stress. The hybrids were cultured in
the seawater with an increasing temperature from 25°C to 40°C during 10 hours, which is regarded as the thermal stress stage. Then
the temperature decreased from 40°C to 25°C within 2 h, which is regarded as the recovery stage. In this study, 1293 significant diffe-
rentially expressed genes (DEGs) were obtained under thermal stress, of which 576 were upregulated and 717 were downregulated,
and 740 significant differentially expressed genes (DEGs) were obtained in the recovery stage, of which the number of upregulated
and downregulated genes was 409 and 331, respectively. The antigen processing and presentation, NOD-like, and NF-kappa B path-
ways were significantly enriched during the thermal stress stage. The MAPK and PPAR signaling pathways were significantly enrich-
ed during the recovery stage. The HSP70, HSP90, and CANX genes were strongly and rapidly upregulated in the control/thermal
stress groups but were slightly less upregulated in the thermal stress/recovery group. These results indicate that the innate immune
system or nonspecific immunity was deployed to protect interior tissues from thermal stress. In addition, 85% of the mutual DEGs
were involved in bidirectional regulation (up/down or down/up) when the oysters were removed from the thermal stress to recover.
This study provides preliminary insight into the molecular response of C. sikamea (?) and C. gigas (&) hybrids to thermal stress and

provides a basis for future studies on temperature-adaptation and the possible expansion of hybrid breeding.
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1 Introduction

Oysters are representative bivalve mollusks that are
widely distributed in the oceans around the world (Guo et al.,
2015) and are also important global commercial aquacul-
ture species. Questions have arisen about summer morta-
lity, inbreeding depression, parasites, and disease in the
oyster industry (Proestou ef al., 2016). Hybridization can
be an effective breeding method to resolve these problems
(Gjedrem and Baranski, 2010). Studies on oyster interspe-
cific crossbreeding have been well documented. In recent
years, Crassostrea gigas > C. nippona (Xu et al., 2019), C.
sikamea x C. angulata (Yan et al., 2017, 2018), C. gigas *
C. hongkongensis (Zhang et al., 2017), and C. hongkongen-
sis x C. rivularis (Huo et al., 2014) hybrids have shown dif-
ferent trophic values, and different adaptabilities to salinity,
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temperature, or growth traits. However, these studies have
mostly focused on hereditary capacity without document-
ing expression at the transcriptional level under a specific
stress.

The natural distribution of oysters is heavily affected by
temperature. Oysters change body temperature by up to 10
—20°C within a few hours during the diurnal/tidal cycles
and even more dramatic changes (from 0 to 35-40°C) oc-
cur over longer (seasonal) time-spans (Ivanina et al., 2009).
These changes increase with the tidal height from 37°C to
43°C (Hamdoun et al., 2003). The temperature adaptabi-
lity of C. gigas has been well documented. Their optimum
temperature range is 11-34°C, but they can thrive in a wide
range of water temperatures from 5°C to 35°C (Mann et al.,
1994). The highest reported surviving temperature is 43°C
(Shamseldin et al., 1997). However, wild C. gigas have ne-
ver been found on the southern coast of China, as they are
usually considered a coldwater species. Due to the influence
of the warm Pacific current, C. sikamea are widely distri-
buted in Kumamoto, Japan, but are seldom found in the Yel-
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low Sea of China at the same latitude (Elston e? al., 2012).
The earliest artificial crossing of C. gigas and C. sikamea
was reported in 1994 (Banks et al., 1994). The heterosis of
survival and maternal comparable growth traits have been
reported in C. gigas and C. sikamea hybrids (Hong et al.,
2012). According to our previous study, the hybrids have
lower mortality than both parents, particularly the sire-sibs,
during culture in southern China, where the annual water
temperature is high (Yue et al., 2021). Therefore, we have
determined that it is possible to selectively breed cultured
C. sikamea and C. gigas hybrids in the southern China coas-
tal area.

The temperature of seawater changes naturally over time.
The body temperature of oysters is greatly affected by the
environment. Previous studies have focused on the effect
of a particular temperature on gene transcription and ex-
pression in oysters, but the survival of oysters under high
temperature is limited by both the thermal degree and du-
ration (Lim et al., 2016), while the effect of gradual ther-
mal stimulation and recovery processes after thermal sti-
mulation have been rarely discussed (Zhang et al., 2012).
Sustained molecular regulation is needed to repair meta-
bolic damage after thermal stress in oysters. Although clos-
ing the shell may help the oyster withstand transient ad-
verse environmental changes, such as salinity stress, it con-
tributes little to protect the oysters from temperature change
(Zhu et al., 2016). The gill is an early sensor of physical
environmental changes, and thus, it has been assumed to
be sensitive to thermal stress. Oysters trigger the expres-
sions of stress response-related genes to adapt to harsh en-
vironmental conditions (Guo et al., 2015). Of the various
organs, the gill plays a key role in oyster innate immunity.

The goal of this study was to explore the molecular me-
chanism of temperature tolerance in oyster hybrids. High-
throughput RNA-seq was used to analyze the hybrids un-
der and after thermal stress. The results will provide a so-
lid foundation for expanding the culture of a new hybrid
species.

2 Materials and Methods

2.1 Hybrid Collection, Thermal Challenge, and
Tissue Sampling

Hybrid collection The one-way hybrid of C. sikamea
()% C. gigas (3) were accomplished in April 2018 (He-
dgecock et al., 1999). After one year of culture in Beihai,
China (109.4°N, 21.5°W), we obtained thousands of hyb-
rids with a shell length of 32.69 mm=3.84mm and weight of
11.50g+3.51 g (mean+SD). From these hybrids, 100 heal-
thy non-injured individuals were screened and used in the
experiment. The hybrids were reared in filtered, aerated sea-
water with temperature of 25°C+0.6°C, dissolved oxygen
of (6.12+0.11)mgL ", salinity of 30.6+0.5, and pH 8.21+
0.09 for two weeks of acclimatization and fed a mixture
of Isochrysis galbana and Chaetoceros muelleri.

Thermal stress and recovery The temperature of the
seawater was increased from 25°C to 40°C within 10h (heat-
ing efficiency 1.5°Ch™") (Hamdoun et al., 2003), then de-
creased to 25°C over 2h. The heating process was based
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on the daily surface temperature change that occurs dur-
ing oyster culture. Thus, the oysters were deployed from
5 a.m. to 5 p.m. in an experimental day.

Tissue sampling As oyster gills are a perfect thermal
stress material (Meistertzheim et al., 2007; Lang et al.,
2009), gills of nine oysters in each group were randomly
selected as biological replicates (three biological replicates
x three oysters per biological replicate) for transcriptome
analysis. Three independent thermal challenge experiments
were conducted, and gills were collected at the initial 25°C
(control group, CG), 40°C (thermal stress group, TSG), and
the 25°C of recovery (recovery group, RG), respectively. In
addition, other 30 hybrid siblings were deployed and mo-
nitored for another 24 h to ensure that the thermal stress
was nonlethal.

2.2 RNA Extraction, Library Construction,
and Sequencing

Total RNA was extracted from the gills of the control,
thermal stress, and recovery groups using TRIzol (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. RNA samples were qualified and quantified
using a NanoDrop spectrophotometer (Nanodrop Techno-
logies, Wilmington, DE, USA) and the Agilent Technolo-
gies 2100 Bioanalyzer (Thermo Fisher Scientific, Waltham,
MA, USA), respectively.

The mRNA was purified by removing any potential ge-
netic DNA pollution with DNase I, and removing any pos-
sible rRNA pollution with RNase H, and finally recovered
with Oligo(dT)-attached magnetic beads (Illumina, San Die-
go, CA, USA). Purified mRNA was fragmented with a frag-
ment buffer at an appropriate temperature. Then, first/se-
cond-strand cDNA was generated by polymerase chain re-
action (PCR). The A-Tailing Mix and RNA index adapt-
ers were added and incubated to carry out end-repair. The
cDNA fragments with adapters were amplified by PCR, and
the products were purified with Ampure XP beads. The li-
brary was validated on the Agilent Technologies 2100 Bio-
analyzer for quality control. The final library was ampli-
fied with phi29 to create DNA nanoballs (DNB), contain-
ing more than 300 copies of the original template. The DNBs
were loaded into the patterned nanoarray and pair-end 100
base reads were generated on a BGISEQ500 platform (BGI,
Shenzhen, China).

2.3 Transcriptome Assembly, Prediction of the Cod-
ing Sequences (CDSs), and Identification of
Simple Sequence Repeats (SSRs)

The filtering software SOAPnuke v1.4.0 developed by
BGI was used for statistic analysis. Trimmomatic v0.36
software was used for filtering. Raw reads with joint con-
tamination and high numbers of unknown N bases were re-
moved before the data analysis to ensure the reliability of
the results. Then, the Q20/Q30 (the percentage of bases with
a Phred value over 20/30) and GC-content of the clean data
were measured. Clean reads were assembled with Trinity
v2.0.6 software (Grabherr et al., 2011), and the transcripts
were clustered with Tgicl v2.1 to generate unigenes. The
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quality of the assembled transcripts was assessed using Ben-
chmarking Universal Single-Copy Orthologs (BUSCO), a
single-copy lineal homology database, and the integrity of
the transcriptome assembly was demonstrated by compa-
rison with conserved genes. TransDecoder v3.0.1 software
was used to identify candidate coding regions in the uni-
genes by extracting the longest open reading frame, and
then using Blast to compare the Swiss-Prot database and
Hmmscan to search Pfam protein homologous sequences
to predict the coding regions (Kim et al., 2015). Accord-
ing to the assembly results, we also tested the SSRs of the
unigenes and designed primers using MISA v1.0 and Pri-
mer3 v2.2.2 software (Untergasser et al., 2012).

2.4 Functional Annotation of the Assembled Unigenes

The fragments per kb per million reads (FPKM) me-
thod was used to calculate the expression levels. Bowtie2
v2.2.5 software was used to compare clean reads with the
reference gene sequence, and then RSEM was used to cal-
culate the expression levels of the genes and transcripts.
The prediction and annotation data of all unigenes were
compared with protein databases, including NCBI nonre-
dundant protein sequences and nucleotide sequences (Nr&
Nt) (ftp://ftp.ncbi.nlm.nih.gov/blast/db), Swiss-Prot (http://
www.ebi.ac.uk/uniprot), Gene Ontology (GO) (http://www.
geneontology.org/), Clusters of Orthologous Groups of pro-
teins/eukaryotic Orthologous Groups (COG/KOG) (https://
www.ncbi.nlm.nih.gov/COG/), Kyoto Encyclopedia of Ge-
nes and Genomes (KEGG) (http://www.genome.jp/kegg/),
and Protein family (Pfam) (http://pfam.xfam.org). Hmmscan
v3.0, Blast v2.2.23, and Blast2GO software were used to
obtain the annotation information for the unigenes. Prio-
rity order of alignments from the Nr, Nt, KEGG, Swiss-
Prot, GO, COG, and Pfam databases were followed when
the results of different databases conflicted.

2.5 Analysis of Differentially Expressed Genes
(DEGs) and Functional Enrichment

The FPKM method was used to calculate the expression
of unigenes in this study. Calculated gene expression can
be directly used to compare gene expression levels between
samples. The false discovery rate (FDR) was applied to
identify the threshold of the P-value in multiple tests (Mor-
tazavi et al., 2008). We set our threshold for significantly
expressed genes at FPKM>1, |log,(Fold change)|>2, FDR
<0.05. GO and KEGG functional pathway enrichment ana-

lyses were performed to identify the main biochemical and
signal transduction pathways of the DEGs using FDR <
0.05 as a cut-off value for significantly enriched DEGs.

2.6 Quantitative Real-Time Polymerase Chain
Reaction (QRT-PCR)

Total RNA was reverse-transcribed into cDNA with the
PrimeScript RT Reagent Kit (Takara, Beijing, China). Eight
randomly selected DEGs, oligoadenylate synthase (OAS),
aquaporin 8, interferon regulatory factor 1, meprin A sub-
unit beta, heat shock protein 90a, tumor necrosis factor
(TNF) superfamily member 10 (TNFSF10), TNF superfa-
mily member 14 (LIGHT/ TNFSF14), Dnal heat shock pro-
tein family member BS, and a reference gene (tubulin o)
were selected for verification by qRT-PCR. Gene-specific
primers were designed with Primer Premier 5.0 software.
All real-time RT-PCR experiments were carried out in 96-
well PCR plates. Each 20 uL. amplification reaction was
conducted using the StepOne Plus system (ABI, Foster
City, CA, USA) in triplicate. The PCR process included
95°C for 3 min; 45 cycles of 95°C for 55, and 60°C for 30s;
followed by a melting curve. The differences in gene ex-
pression were analyzed with the 2 **“T method (Livak and
Schmittgen, 2001). The expression fold change (274*°T)
of the qRT-PCR data and log, (Fold change) of the RNA-
seq data were used in the correlation analysis.

3 Results
3.1 RNA Sequencing and de novo Assembly

The average number of total raw reads generated from
each library was 67.40 million. After filtering the low qua-
lity reads, the average clean reads accounted for 64.54 mil-
lion, and the average Q30 value was 89.33%. The total
mapped rate of the library was 83.67%—86.92%. After re-
moving the redundant data, 98209 unigenes were assem-
bled into nine libraries with an average unigene number of
53197, length of 947bp, GC percentage of 39.76%, and
N50 value of 1640bp (Table 1). An evaluation of the trans-
cript assembly showed that more than 80% of the unigenes
were matched or partially matched to the BUSCO database
and unmatched genes only accounted for 3% (Fig.1). A to-
tal of 52778 CDSs were detected in our study. In total,
13776 SSRs were detected in 10663 unigenes, and 7826
unigenes encoding transcription factors were predicted (Ta-
ble 2).

Table 1 Sequencing data statistics for the control, treated and restored samples

Sample Raw reads Clean reads Total mapping Clean reads Q30 Unigene Mean N50 GC
M) M) (%) (%) number length (%)
Control 1 65.17 62.51 85.41 89.88 54799 985 1726 39.32
Control 2 67.68 64.75 85.90 90.42 53835 995 1736 39.54
Control 3 67.68 64.59 86.42 89.48 54007 912 1551 39.73
Stressed 1 65.17 62.65 86.36 89.88 53291 949 1648 39.8
Stressed 2 67.68 65.38 86.63 89.84 52956 952 1647  39.82
Stressed 3 67.68 64.88 86.55 88.72 53304 952 1668  39.76
Recovery 1 67.68 64.60 86.68 88.70 50911 899 1531 39.83
Recovery 2 70.18 67.01 86.92 88.55 52679 842 1398  39.96
Recovery 3 67.68 64.50 83.67 88.48 52993 1034 1852 40.09
Average 67.40 64.54 86.06 89.33 53197 947 1640  39.76
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Table 2 Quantity and quality indicators of the coding sequences (CDSs), and simple sequence repeats (SSRs)
Number
Total number of CDS N50 N90 Maxlength  Minlength GC (%)
SSR Unigene  TF unigene
52778 1656 591 1821 297 44.45 13766 10663 7826
'E"“‘P:m(g) ““g Zingll_e“;‘;g)‘[(f} :;?‘Q“‘-‘“‘:f (F) These results show that the data were of high quality
= Complete (C) and duplicated (D) = Missing (M) and that the unigenes could be used for the annotation
36' analysis. All raw reads were deposited in the NCBI Short
Read Archive database with Accession number PRINA

All unigene

559659.

Recovery 3
3.2 Functional Annotation and Classification

Recovery 2 -
Recovery 1 -
Stressed 3 - ] ] ] ] .
S . We identified unigenes in seven functional databases. Of
o these unigenes, 67108 in the NR protein sequence data-
Stressed 1 0 base (68.33%), 79570 in the NT database (81.02%), 39880
Control 3 . in the Swiss-Prot (40.61%), 47470 in the KEGG (48.34%),
Cotitrol 2 . 36573 in the KOG (37.24%), 46663 in the Pfam (47.51%),
s l and 35500 in the GO (36.15%) were annotated. All uni-
ORE  afme rEres SRR genes were functionally annotated, with 18825 (19.17%)
matched to all databases and 84874 (86.42%) matched to
at least one database (Table 3).
There were five species in the NR annotations, includ-

0%
BUSCOs

ing C. gigas, C. virginica, Mizuhopecten yessoensis, Lottia
gigantea, and Exaiptasia pallida, with annotation rates of
89.77% (60238), 6.36% (4267), 0.69% (462), 0.13% (88),

and 0.12% (83), respectively.

Fig.1 Evaluation of transcript assembly by Benchmarking

Universal Single-Copy Orthologs (BUSCO). C, unigenes
matched the sequence in the BUSCO database; F, only par-
tial sequences were compared to the BUSCO database; D,

multiple genes were aligned to the same BUSCO; M, uni-
genes were filtered out of the sequence.
Table 3 Annotation rates of the unigenes in the seven databases
Value Total NR NT Swiss-prot KEGG KOG Pfam GO Intersection  Overall
Number 98209 67108 79570 39880 47470 36573 46663 35500 18825 84874
Percentage 100%  68.33% 81.02% 40.61% 48.34% 37.24% 47.51% 36.15% 19.17% 86.42%
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cation information on the gene homologs.
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The classification of 25 KOG gene homologs were iden-
tified, and the top three annotated terms were signal trans-
duction (6698), general function prediction (6148), and post-
translational modifications, protein turnover, and chaper-
ones (4087) (Fig.2).

3.3 Identification and Enrichment Analysis of
the DEGs

The DEG screening results among the three stages of
thermal stress (CG, TSG, and RG) are shown below. The
GO classification was used to assess DEG function. The
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GO analysis assigns DEGs to three major functional cate-
gories: molecular functions (MF), cellular components (CC),
and biological processes (BP). In the two comparisons of
CG/TSG and TSG/RG, 314 and 451 genes were grouped
into MF, 850 and 516 genes were grouped into the immune
system, and 601 and 307 were related to BP, respectively.
The top two annotated terms in each functional category
were binding (313/158) and catalytic activity (182/89),
membrane (205/149) and membrane part (199/147), cel-
lular process (184/79), and metabolic process (113/46)

(Fig.3).

Molecular function (314/451)

|

Cellular component (550/516)

Biological process (001/307)

= Control vs. thermal group
® Thermal vs. recovery group

=

200 300 300 300

Number of DEGs

100

Fig.3 Gene Ontology analysis of the differentially expressed genes in the control vs. thermal and thermal vs. recovery group.

In an analysis of gene expression among different groups,

1293 DEGs and 740 DEGs were identified in the CG/TSG
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and TSG/RG groups, respectively. Of these genes, 717
DEGs were downregulated and 576 were upregulated in
the CG/TSG group, while 319 and 409 DEGs were down-
regulated and upregulated in the TSG/RG group. In addi-

A

Control vs. thermal stress group

Thermal stress vs. recovery group

C
320;
F -
to Control vs. thermal group
2404 | » Down: 717
— e e Up: 576
[
g
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= 160t -
CE L
=) L]
' L
80r

%5 25 25 75 125
log, (Fold change)

tion, 120 mutual DEGs were in the two comparisons. The
mutual genes exhibited four modes of regulation: upregu-
lation, up/downregulation, down/upregulation, and down-
regulation (Fig.4).
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Fig.4 Differentially expressed genes (DEGs) between paired comparisons of the control vs. thermal groups (CG/TSG) and
thermal vs. recovery groups (TSG/RG). A, venn diagram of the DEGs for comparing the CG/TSG and TSG/RG groups; B,
four-quadrant scatterplot of the mutual DEGs in both comparisons; C, volcano plot of the DEGs for the CG/TSG com-
parison; D, volcano plot of the DEGs for the TSG/RG comparison. All points in the four-quadrant scatterplot represent
expression log, (Fold change) between the two comparisons; all points in the volcano plots represent the difference in ex-
pression log, (Fold change) plotted against the level of statistical significance.

The DEGs in the CG/TSG and TSG/RG groups were
analyzed with the KEGG to investigate the predicted
functional information of DEGs in the hybrids under and
after thermal stress. Our KEGG analysis mainly focused
on environmental information processing, organismal sys-
tems, cellular processes, genetic information processing,
and metabolism in KEGG classification level 1. The analy-
sis of the KEGG pathways provides an overview of the
DEGs that are involved in the thermal stress and recovery
phases.

The DEGs in the CG/TSG group were mapped to the
KEGG database and assigned to 13 KEGG pathways (FDR
<0.05), among which 120, 101, 78, 43, 41, 37, and 30 genes
were grouped into signal transduction; folding, sorting and
degradation; immune system; endocrine system; cell growth
and death; aging; and transcription, respectively, in KEGG
classification level 2. The main enriched pathways includ-
ed the ko04064 NF-kappa B signaling pathway (e.g.,
DDX58, BCL2L1, and VCAM1), ko04390/ko04391/ko043
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92 hippo signaling pathway (e.g., MOB1, ED, and FAT4),
ko04141 protein processing in the endoplasmic reticulum
(e.g., DNAJC3, EIF2AK4, and HSP90B), ko03060_protein
export (e.g., HSPAS and RGLG), ko04621 NOD-like re-
ceptor signaling pathway (e.g., TRP, OAS, HSP90, and
TBK1), ko04612 antigen processing and presentation (e.g.,
HSP70/90 and CTSL), ko04918 thyroid hormone synthe-
sis (e.g., HSPAS, HSP90B, and CANX), ko04217 necrop-
tosis (e.g., CYLD, PKR, and PARP), and ko04213 longe-
vity regulating pathway (e.g., CRYAB and HSPA1s). Four-
teen pathways in the TSG/RG group were significantly
enriched (FDR <0.05), and 63, 53, 48, 38, 27, 26, and 24
genes were grouped into the immune system; endocrine
system; folding, sorting, and degradation; cellular commu-
nity-eukaryotes; signal transduction; cell growth and death;
and aging, respectively. The immune system, folding, sort-
ing, and degradation system, and the endocrine system
were the top three enriched level 2 KEGG, containing four,
four, and two pathways, respectively. Five KEGG pathways
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were highly enriched, including ko04666 Fc gamma R-me-
diated phagocytosis (e.g., RHOQ, vasodilator-stimulated
phosphoprotein (VASP), and SLC30410), ko04670 Leu-
kocyte transendothelial migration (e.g., ITGA8, MYL12,
and VASP), ko04010 MAPK signaling pathway (e.g., FCN,
GRB2, and FGFR3), k003320 PPAR signaling pathway
(e.g., PLIN2, ACDC, UBC, and PCK), ko04915_ Estrogen

ko04920_Adipocytokine signaling pathway
ko04918 Thyroid hormone synthesis |

ko04915 Estrogen signaling pathway |
ko04670_Leukocyte transendothelial migration
ko04666_Fc gamma R-mediated phagocytosis |
ko4664 Fe epsilon RI signaling pathway |

ko04621_ NOD-like receptor signaling pathway
koD4612_Antigen processing and presentation
ko04510 Focal adhesion |

ko04392 Hippo signaling pathway-multiple species

ko04391 Hippo signaling pathway-fly t

KEGG pathway

ko04390 Hippo signaling pathway
ko04217_Necroptosis

ko04213 Longevity regulating pathway-multiple species ¢
ko04210_Apoptosis |

ko04141 Protein processing in endoplasmic reticulum
ko04064 NF-kappa B signaling pathway
koD4010_MAPK signaling pathway t

ko03320 PPAR signaling pathway

ko03060 Protein export t

ko03040_Spliceosome f

signaling pathway (e.g., GRB2, CREB3, and mitogen-acti-
vated protein kinase, MAPK1/3). In addition, six pathways,
including ko04213, ko04915, ko04918, ko04141, ko03060,
and ko04612 were identified. Among these pathways, ko-
04141 protein processing in the endoplasmic reticulum
was the most enriched, as 89 and 39 genes were enriched,
respectively (Fig.5).
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Fig.5 Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment of the DEGs between the control (CG), thermal
(TSG), and recovery (RG) groups. The shape of the marker represents a different group; the color of the marker repre-
sents the richness factor (the ratio of the number of genes annotated to an item in the selected gene set to the number of
genes annotated to the item by the species); the square area represents the number of DEGs enriched in each pathway.

The GO enrichment of the DEGs in the CG/TSG and
TSG/RG groups was analyzed to clarify the changes in the
hybrids from the molecular to the organismal level under
thermal stress and during the recovery phase. The GO terms
were grouped into three categories of BP, MF, and CC.
Overall, 20 and 13 GO terms were significantly enriched in
both comparisons (FDR<0.05), and the distributions were
distinct in the thermal stress and recovery phases. The or-
der of the GO term enriching number in the CG/TSG group
was MF (ten terms)>BP (eight terms)>CC (two terms),
while the order changed to BP (eight terms)>MF (four terms)
>CC (one term) in the TSG vs. RG group. GO:0005524

ATP binding, GO:0051082 unfolded protein binding, GO:
0006457 protein folding, and GO:0003700 DNA-bind-
ing transcription factor activity were the top four enriched
GO terms in the CG/TSG group, accounting for 77, 29, 28,
and 21 DEGs. Similarly, GO:0051082 (7 DEGs) and GO:
0006457 (8 DEGs) terms were also highly enriched in the
TSG/RG group, and the other two highly enriched terms
in the top four were GO:0005576 extracellular region (20
DEGs) and GO:0008191 metalloendopeptidase inhibitor
activity (8 DEGs) (Fig.6). The lists of these representative
DEGs and their functional results are shown in Supple-
mentary Information.
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Fig.6 The Gene Ontology enrichment of the differentially expressed genes (DEGs) between the control groups (CG), ther-
mal groups (TSG), and recovery groups (RG). The shape of the marker represents a different group; the color of the mar-
ker represents the richness factor (the ratio of the number of genes annotated to an item in the selected gene set to the
number of genes annotated to the item by the species); the square area represents the number of DEGs enriched in each

pathway.

3.4 Validation of Transcriptome Data by qRT-PCR

The qRT-PCR gene expression results are presented in
Fig.7. The qRT-PCR expression pattern was consistent with
the RNA-seq results, which not only validated the expres-
sion of the genes but also verified the reliability and accu-
racy of our transcriptome analysis.

4 Discussion

The threat of summer heat to C. gigas has been of great

@ Springer

concern to the aquaculture industry. In contrast, C. sikamea
has a higher temperature tolerance because it is common-
ly distributed along the southern China coast. In our pre-
vious study, hybrids of C. sikamea (Q)* C. gigas (3) suf-
fered lower mortality during the second farming summer
in a south China oyster farm (Yue et al., 2021). Thus, we
performed a thermal challenge transcriptome experiment to
assess their responses to thermal stress and recovery. In our
study, 553 DEGs were involved in the regulation of ther-
mal stress than the recovery stage. According to GO ana-
lysis, the main annotated terms were similar between the



ZHANG et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2022 21: 213-224 221

m log,(qRT-PCR (t/c)) @ log,(Fold change (t/c))
120p o log,(qRT-PCR (t/c)) @log (Fold change (t/c)) ®

100}

log,(Fold change)

OP‘% P\dq% \QS'\

\ Q> ;
‘cﬁ’?\ ‘c\c—‘qq ﬂ\‘\?‘a

Q o]
5 \J\G‘{\ﬂ 0\\\%\6'

Fig.7 Comparison between qRT-PCR and the RNA-seq data set; significant difference between a treated sample and a blank
sample is indicated by an asterisk. log,(Fold change) of RNA-seq, FPKM of TSG/FPKM of CG(t/c) and FPKM of RG/
FPKM of TSG(1/t); log, (Fold change) of qRT-PCR, ratio of relative gene expression of TSG/CG and RG/TSG.

CG/TSG and TSG/RG groups, indicating that similar regu-
latory processes may be occurring in the oyster during and
after thermal stress. A transcriptome study of C. gigas show-
ed that the CC terms of GO increase over time and be-
come the most frequent GO characteristic after 24 h (Yang
et al., 2017). Similarly, many DEGs were grouped into CC
terms in the thermal stress group in this study. In this study,
the proportion of up regulated and downregulated DEGs
changed from 576:717 to 409:331 when oysters were re-
moved from the thermal stress and placed in recovery pro-
cess. This dramatic change indicates that although similar
pathways or processes were deployed (according to the GO
analysis), specific genes may have been regulated in the op-
posite direction. This conclusion was confirmed by the ana-
lysis of mutual genes; 77 and 25 DEGs had bidirectional re-
gulation (up/down and down/up), accounting for 85% of the
total mutual DEGs.

Opysters rely heavily on the innate immune system for

protection from the ambient environment (Guo et al., 2015).

An inflammatory immune response requires the recruitment
of leukocytes to the inflammation site upon foreign insult.
Chemokines are small chemoattractant peptides that pro-
vide directional cues for cell trafficking and thus are vital
for a protective host response (Wong and Fish, 2003). In
the present study, the immune system and signal transduc-
tion signaling pathways were both highly enriched with
DEGs in the two comparisons, indicating that the regula-
tion of innate immunity relies heavily on these two path-
ways. This pattern of innate immunity regulation under ther-
mal stress has been reported in mollusks by other studies,
which supports our findings (Chapman et al., 2011). The
expression of different anti-stress proteins appears to be im-
portant to ease cellular stress, inflammation, and stimula-
tion of immune function components during the response
to thermal stress (Meistertzheim et al., 2007). The transpor-
ter associated with antigen processing is essential for the
adaptive immune system (Abele and Tampe, 2004). In our
study, the antigen processing and presentation pathways

were significantly enriched in the two comparisons. Calne-
xin (CANX) is an endoplasmic reticulum chaperone system
gene that ensures proper folding and quality control of new-
ly synthesized glycoproteins (Hamdoun et al., 2003), and
plays a crucial role in recognizing antigens. In this study,
it was strongly upregulated in the CG/TSG but slightly less
in the TSG/RG group. Previous studies have identified the
function of the NOD-like receptor signaling pathway, which
is involved in detecting various pathogens and generating
the innate immune responses (Vandenabeele and Bertrand,
2012). An important part of the invertebrate immune sys-
tem participates in the immune regulation of C. sikamea
and C. agulata hybrids under low temperature and salinity
stress (Yan et al., 2018), which further supports our find-
ings. Genes, such as B-cell linker protein, VASP, and actin
beta/gamma 1 (ACTB_G1), were strongly up/downregu-
lated, and are related to the inflammatory response (Fc ep-
silon R/ signaling pathway), phagocytosis (Fc gamma R-
mediated phagocytosis), and cellular migration (leukocyte
transendothelial migration). The differences in molecular
expression between the thermal stress and recovery stages
indicate that various immune responses were deployed af-
ter thermal stress.

Heat shock proteins play an essential role in maintain-
ing homeostasis by interacting with stress-denatured pro-
teins during exposure to proteotoxic stressors (Lindquist,
1986). In the present study, the HSP70Dk proteins 1/2/5/
6/8 were upregulated in the CG/TSG and TSG/TR groups,
indicating that HSP70s play a role in maintaining cell ho-
meostasis during thermal stress and recovery. The cyto-
skeleton is the foundation for maintaining normal physi-
ological activities in cells. Maintaining the stability of the
skeletal structure is a prerequisite for cell homeostasis du-
ring changes in temperature (Kotas and Medzhitov, 2015).
According to a previous study, the expression level of the
constitutive form increases after thermal stress, whereas
the inducible form is expressed only after exposure to 32°C
(Clegg et al., 1998) and overexpression of HSP70 may cor-
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respond to the constitutive form (Meistertzheim et al., 2007).
A similar result was found in our study, as a greater num-
ber of downregulated HSP70 genes were identified in the
TSG/TR group. HSF1 is a regulatory stress-induced pro-
tein that binds to the heat shock element. In our observa-
tions, the downregulation of heat shock factor 1 (HSF1) in-
dicated that the oyster immunoreaction was more com-
plex under thermal stress. Previous studies have reported
that the expressions of HSP70 and HSP90 inhibit the ex-
pression of HSF1 under thermal stress (Jaeger ef al., 2014),
which is consistent with our results. The molecular chaper-
one HtpG presented the same expression pattern as the
other chaperones in response to heat stress in this study.
HitpG is a class IV heat shock gene induced by heat that is
involved in unfolded protein binding, ATP binding, and
protein folding (Craig and Schlesinger, 1985). In the ab-
sence of the HipG protein, recovery of cells from 53°C was
restarted, and this delay was eliminated by overproduction
of HipG (Versteeg et al., 1999). A study of cold acclima-
tion in cyanobacteria demonstrated that the HipG protein
contributes significantly to the ability to acclimate to low
temperatures (Hossain and Nakamoto, 2002). Similar re-
sults were found in our study, as the HipG gene was up-
regulated compared to the TSG/TR. All of these results
suggest physiological flexibility or adaptation during heat
stress regardless of the controversy concerning repression
or expression of protein metabolic genes (Lim et al., 2016).
The upregulation of all chaperones confirmed the severity
of the thermal stress in our experiment. The impact on the
hybrid oyster immune system remains unclear and such
topics will be considered in future studies.

In vertebrates, hormones exert rapid, nongenomic effects,
which are mediated by plasma membrane-associated re-
ceptors. The estrogen signaling (ko04915) and thyroid hor-
mone synthesis (ko04918) pathways are essential for me-
tabolic and cellular homeostasis (Meyer et al., 2009).
Among these two pathways, many genes involved in cy-
toskeleton structural adjustment were identified in our study,
such as ACTB_G1, calmodulin (CALM), CANX, and adi-
ponectin (ACDC). ACTB_G1 encodes for a protein involved
in the organization of the actin filament and is expressed
in response to environmental changes (Krause et al., 1989).
Similarly, ACTB_G1 was rapidly upregulated in the CG/
TSG group, suggesting that cytoskeletal reorganization oc-
curs in response to thermal stress, as reported for C. gigas
and fish (Buckley et al., 2006). Among other signaling pa-
thways, three Hippo pathways, k004390, ko04391, and ko-
04392, were strongly enriched during the recovery phase,
and previous studies have shown that Hippo pathways play
an important role in controlling animal organ size by regu-
lating cell proliferation and apoptosis rates in the sea-ane-
mone Nematostella (Hilman and Gat, 2011). These find-
ings indicate that thermal stress can be a stimulus for hy-
brid oysters to deploy apoptosis or proliferative processes.

Apoptosis is an evolution-conserved process used by
multicellular organisms, which has long been reported as
an important process in the molluscan immune system. Se-
veral studies have shown that apoptosis-related genes are
upregulated during recovery from thermal stress (35°C) in
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C. gigas (Kim et al., 2015). This observation corresponds
with our data that the apoptosis pathway was significantly
enriched by DEGs in the hybrids during the recovery stage,
such as baculoviral /4P repeat-containing protein (B/RC),
TNFSF, and cathepsin L (CTSL). BIRCs are inhibitors of
cell death, which act by binding to active caspases (Silke
and Vaux, 2001). Our results showed that BIRCs were up-
regulated in the hybrids during the recovery phase, suggest-
ing that suppressing apoptosis led to better cell survival
after thermal stress and could be a key reason for the adapt-
ability of the hybrid. Our findings also agreed with previ-
ous studies on osmotic stress strategies in L. vannamei and
C. sikamea ()% C. gigas (&) hybrids (Peng et al., 2015).
Apoptosis is the sole form of programmed cell death dur-
ing the life cycle, whereas necrosis is regarded as an unre-
gulated process. Recent studies on cell death have been re-
vitalized by understanding that necrosis can occur in a high-
ly regulated and genetically controlled manner (Berghe
et al., 2014). Necroptosis is initiated by different stimuli,
such as TNF and TNF-related apoptosis-inducing ligand
(TRAIL), requiring the kinase activity of receptor-interact-
ing protein 1 (RIPK1) and RIPK3. Necroptosis contributes
to the innate immune response by killing pathogen-infect-
ed cells and by alerting the immune system through the re-
lease of danger signals (Dondelinger et al., 2016). HSP90
is a key regulator that prevents necroptosis under physio-
logical and stress conditions in eukaryotic cells (Kim et al.,
2012). Our data showed that necroptosis was apparent in
the hybrids during thermal stress, while the TRAIL gene was
downregulated. Upregulated apoptosis and necroptosis were
also found in Sinopotamon yangtsekiense exposed to cad-
mium (Liu ef al., 2011). We speculate that HSP90 genes
were deployed when necroptosis was activated by the TRAIL
gene under thermal stress in the hybrids to protect against
unpredicted apoptosis. Although several studies have des-
cribed the suppression of necroptosis under thermal stress
(Yang and He, 2016), this hypothesis needs further verifi-
cation.

Ubiquitin is an important aspect of the innate immune
response to stress by inducing the degradation of irrepar-
ably damaged proteins (Pickart and Eddins, 2004). The £3
ubiquitin-protein ligase is upregulated in hybrid oysters
when ambient osmotic pressure changes. Another study
suggested that ATP-dependent proteolysis for the survival
of C. gigas is suppressed by high temperatures (Lim et al.,
2016). In our study, the regulation of E£3 ubiquitin-related
genes was expressed during thermal stress, as the casitas
b-lineage lymphoma and zinc and ring finger 3 (ZNRF3-
like) genes were upregulated, but the ring-box 1 (RBX1),
tripartite motif-containing (7RIM71), and ring finger pro-
tein 115 (RNF115) genes were downregulated. Addition-
ally, an alternative isoform (X1/X2) of the HECTD1 gene
displayed opposite regulation during thermal stress, which
further supports its multifunctional role in innate immu-
nity. The transcriptome data also showed that £3 ubiquitin
plays an important role during the thermal stress recovery
phase, as TRIM13-like, TRIM36-like, and x-linked inhibi-
tor of apoptosis proteins were upregulated. Therefore, it is
presumed that the regulation of protein degradation in re-



ZHANG et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2022 21: 213-224 223

sponse to thermal stress was related to the survival and
temperature-adaptation of the organisms. Ubiquitination is
not only involved in protein degradation but is also close-
ly related to energy metabolism. The cellular stress response
has an energetic cost and controls the balance between ATP
supply and demand in the gill during thermal stress (Mei-
stertzheim et al., 2007). The rapid induction of lactate de-
hydrogenase (LDH) in the gill indicates that anaerobic me-
tabolism is required during the early phase of warming
(Long, 1976). This is in line with our results, as a number
of genes involved in metabolic regulation were also regu-
lated in response to temperature changes.

5 Conclusions

Our study represents the first transcriptome report of C.
sikamea Q@ x C. gigas & hybrids under thermal stress and
recovery using next-generation sequencing technology. A
total of 1293 and 740 significant DEGs were detected du-
ring and after thermal stress. In our study, several up- and
down-regulated genes were identified in diverse pathways,
including immune stress, apoptosis, and energy metabolism.
Our findings highlight a complex network of immunolo-
gical and metabolic pathways in the gill of hybrid oyster.
In conclusion, these results facilitate future research on im-
mune mechanisms and metabolism in hybrid oyster dur-
ing thermal stress and recovery.

Acknowledgement

This study was supported by the National Natural Sci-
ence Foundation of China (No. 31172403).

References

Abele, R., and Tampe, R., 2004. The ABCs of immunology: Struc-
ture and function of TAP, the transporter associated with an-
tigen processing. Physiology, 19 (4): 216-224.

Banks, M., McGoldrick, D., Borgeson, W., and Hedgecock, D.,
1994. Gametic incompatibility and genetic divergence of Pa-
cific and Kumamoto oysters, Crassostrea gigas and C. sika-
mea. Marine Biology, 121 (1): 127-135.

Berghe, T. V., Linkermann, A., Jouan-Lanhouet, S., Walczak, H.,
and Vandenabeele, P., 2014. Regulated necrosis: The expand-
ing network of non-apoptotic cell death pathways. Nature Re-
views Molecular Cell Biology, 15 (2): 135-147.

Buckley, B. A., Gracey, A. Y., and Somero, G. N., 2006. The cel-
lular response to heat stress in the goby Gillichthys mirabilis:
A cDNA microarray and protein-level analysis. Journal of Ex-
perimental Biology, 209 (14): 2660-2677.

Chapman, R. W., Mancia, A., Beal, M., Veloso, A., Rathburn, C.,
Blair, A., et al., 2011. The transcriptomic responses of the eas-
tern oyster, Crassostrea virginica, to environmental conditions.
Molecular Ecology, 20 (7): 1431-1449.

Clegg, J., Uhlinger, K., Jackson, S., Cherr, G., Rifkin, E., and
Friedman, C., 1998. Induced thermotolerance and the heat
shock protein-70 family in the Pacific oyster Crassostrea gi-
gas. Molecular Marine Biology and Biotechnology, 7: 21-30.

Craig, E. A., and Schlesinger, M. J., 1985. The heat shock re-
sponse. Critical Reviews in Biochemistry, 18 (3): 239-280.

Dondelinger, Y., Hulpiau, P., Saeys, Y., Bertrand, M. J., and Van-

denabeele, P., 2016. An evolutionary perspective on the ne-
croptotic pathway. Trends in Cell Biology, 26 (10): 721-732.

Elston, R. A., Moore, J., and Abbott, C. L., 2012. Denman Island
disease (causative agent Mikrocytos mackini) in a new host,
Kumamoto oysters Crassostrea sikamea. Diseases of Aquatic
Organisms, 102 (1): 65-71.

Gjedrem, T., and Baranski, M., 2010. Selective breeding in aqua-
culture: An introduction. Springer Science & Business Media,
10: 20-21.

Grabherr, M. G,, Haas, B. J., Yassour, M., Levin, J. Z., Thomp-
son, D. A., Amit, L., et al., 2011. Full-length transcriptome as-
sembly from RNA-Seq data without a reference genome. Na-
ture Biotechnology, 29 (7): 644.

Guo, X., He, Y., Zhang, L., Lelong, C., and Jouaux, A., 2015. Im-
mune and stress responses in oysters with insights on adapta-
tion. Fish & Shellfish limmunology, 46 (1): 107-119.

Hamdoun, A. M., Cheney, D. P., and Cherr, G. N., 2003. Pheno-
typic plasticity of HSP70 and HSP70 gene expression in the
Pacific oyster (Crassostrea gigas): Implications for thermal li-
mits and induction of thermal tolerance. The Biological Bul-
letin, 205 (2): 160-169.

Hedgecock, D., Li, G, Banks, M., and Kain, Z., 1999. Occurrence
of the Kumamoto oyster Crassostrea sikamea in the Ariake Sea,
Japan. Marine Biology, 133 (1): 65-68.

Hilman, D., and Gat, U., 2011. The evolutionary history of Y4AP
and the Hippo/YAP pathway. Molecular Biology and Evolution,
28 (8): 2403-2417.

Hong, J. S., Sekino, M., and Sato, S., 2012. Molecular species
diagnosis confirmed the occurrence of Kumamoto oyster Cras-
sostrea sikamea in Korean waters. Fisheries Science, 78 (2):
259-267.

Hossain, M. M., and Nakamoto, H., 2002. HtpG plays a role in
cold acclimation in cyanobacteria. Current Microbiology, 44
(4): 291-296.

Huo, Z., Wang, Z., Yan, X., and Yu, R., 2014. Hybridization be-
tween Crassostrea hongkongensis and Crassostrea ariakensis
at different salinities. Journal of the World Aquaculture Soci-
ety, 45 (2): 226-232.

Jaeger, A. M., Makley, L. N., Gestwicki, J. E., and Thiele, D. J.,
2014. Genomic heat shock element sequences drive coopera-
tive human heat shock factor 1 DNA binding and selectivity.
Journal of Biological Chemistry, 289 (44): 30459-30469.

Kim, H. S., Lee, B. Y., Won, E. J., Han, J., Hwang, D. S., Park,
H. G, et al., 2015. Identification of xenobiotic biodegradation
and metabolism-related genes in the copepod Tigriopus japo-
nicus whole transcriptome analysis. Marine Genomics, 24: 207-
208.

Kim, Y. J., Lee, S. A., Myung, S. C., Kim, W., and Lee, C. S.,
2012. Radicicol, an inhibitor of Hsp90, enhances TRAIL-in-
duced apoptosis in human epithelial ovarian carcinoma cells
by promoting activation of apoptosis-related proteins. Mole-
cular and Cellular Biochemistry, 359 (1-2): 33-43.

Kotas, M. E., and Medzhitov, R., 2015. Homeostasis, inflamma-
tion, and disease susceptibility. Cell, 160 (5): 816-827.

Krause, M., Wild, M., Rosenzweig, B., and Hirsh, D., 1989. Wild-
type and mutant actin genes in Caenorhabditis elegans. Jour-
nal of Molecular Biology, 208 (3): 381-392.

Lang, R. P, Bayne, C. J., Camara, M. D., Cunningham, C., Jen-
ny, M. J., and Langdon, C. J., 2009. Transcriptome profiling
of selectively bred Pacific oyster Crassostrea gigas families
that differ in tolerance of heat shock. Marine Biotechnology,
11 (5): 650-668.

Lim, H. J., Kim, B. M., Hwang, L. J., Lee, J. S., Choi, 1. Y., Kim,
Y. J., et al., 2016. Thermal stress induces a distinct transcrip-

a) Springer



224 ZHANG et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2022 21: 213-224

tome profile in the Pacific oyster Crassostrea gigas. Compa-
rative Biochemistry and Physiology Part D: Genomics and
Proteomics, 19: 62-70.

Lindquist, S., 1986. The heat-shock response. Annual Review of
Biochemistry, 55 (1): 1151-1191.

Liu, D., Yan, B., Yang, J., Lei, W., and Wang, L., 2011. Mito-
chondrial pathway of apoptosis in the hepatopancreas of the
freshwater crab Sinopotamon yangtsekiense exposed to cad-
mium. Aquatic Toxicology, 105 (3-4): 394-402.

Livak, K. J., and Schmittgen, T. D., 2001. Analysis of relative
gene expression data using real-time quantitative PCR and the
2744T method. Methods, 25 (4): 402-408.

Long, G. L., 1976. The stereospecific distribution and evolution-
ary significance of invertebrate lactate dehydrogenases. Com-
parative Biochemistry and Physiology Part B: Comparative
Biochemistry, 55 (1): 77-83.

Meistertzheim, A. L., Tanguy, A., Moraga, D., and Thebault, M.
T., 2007. Identification of differentially expressed genes of the
Pacific oyster Crassostrea gigas exposed to prolonged ther-
mal stress. The FEBS Journal, 274 (24): 6392-6402.

Meyer, M. R., Haas, E., Prossnitz, E. R., and Barton, M., 2009.
Non-genomic regulation of vascular cell function and growth
by estrogen. Molecular and Cellular Endocrinology, 308 (1-2):
9-16.

Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L., and
Wold, B., 2008. Mapping and quantifying mammalian tran-
scriptomes by RNA-Seq. Nature Methods, 5: 621.

Peng, J., Wei, P., Zhang, B., Zhao, Y., Zeng, D., Chen, X., et al.,
2015. Gonadal transcriptomic analysis and differentially ex-
pressed genes in the testis and ovary of the Pacific white shrimp
(Litopenaeus vannamei). BMC Genomics, 16 (1): 1006.

Pickart, C. M., and Eddins, M. J., 2004. Ubiquitin: Structures, func-
tions, mechanisms. Biochimica et Biophysica Acta (BBA)—Mo-
lecular Cell Research, 1695 (1-3): 55-72.

Proestou, D. A., Vinyard, B. T., Corbett, R. J., Piesz, J., Allen, S.
K., Small, J. M., et al., 2016. Performance of selectively-bred
lines of eastern oyster, Crassostrea virginica, across eastern
US estuaries. Aquaculture, 464: 17-27.

Shamseldin, A., Clegg, J. S., Friedman, C. S., Cherr, G. N., and
Pillai, M., 1997. Induced thermotolerance in the Pacific oyster,
Crassostrea gigas. Journal of Shellfish Research, 16 (2): 487-
491.

Silke, J., and Vaux, D. L., 2001. Two kinds of BIR-containing
protein-inhibitors of apoptosis, or required for mitosis. Jour-
nal of Cell Science, 114 (10): 1821-1827.

Untergasser, A., Cutcutache, 1., Koressaar, T., Ye, J., Faircloth, B.

a) Springer

C., Remm, M., et al., 2012. Primer3 —New capabilities and
interfaces. Nucleic Acids Research, 40 (15): e115.

Vandenabeele, P., and Bertrand, M. J., 2012. The role of the /4P
E3 ubiquitin ligases in regulating pattern-recognition receptor
signalling. Nature Reviews Immunology, 12 (12): 833-844.

Versteeg, S., Mogk, A., and Schumann, W., 1999. The Bacillus
subtilis htpG gene is not involved in thermal stress manage-
ment. Molecular and General Genetics MGG, 261 (3): 582-
588.

Wong, M. M., and Fish, E. N., 2003. Chemokines: Attractive me-
diators of the immune response. Seminars in Immunology, 15
(1): 5-14.

Xu, H., Li, Q., Han, Z., Liu, S., Yu, H., and Kong, L., 2019. Fer-
tilization, survival and growth of reciprocal crosses between
two oysters, Crassostrea gigas and Crassostrea nippona. Aqua-
culture, 507: 91-96.

Yan, L., Li, Y., Wang, Z., Su, J., Yu, R., Yan, X, ef al., 2018.
Stress response to low temperature: Transcriptomic characteri-
zation in Crassostrea sikamea % Crassostrea angulata hybrids.
Aquaculture Research, 49 (10): 3374-3385.

Yan, L., Wang, Z., Su, J., Yan, X., and Yu, R., 2017. Determina-
tion of nutritive components and expression analysis of lipid
metabolism related genes of hybrid of Kumamoto oyster (9)
and Portuguese oyster (3). Periodical of Ocean University of
China, 47: 53-60 (in Chinese with English abstract).

Yang, C., and He, S., 2016. Heat shock protein 90 regulates ne-
croptosis by modulating multiple signaling effectors. Cell Death
& Disease, 7 (3): €2126.

Yang, C., Gao, Q., Liu, C., Wang, L., Zhou, Z., Gong, C., et al.,
2017. The transcriptional response of the Pacific oyster Cras-
sostrea gigas against acute heat stress. Fish & Shellfish Im-
munology, 68: 132-143.

Yue, S., Wang, Z., Zhang, X., Fan, C., and Tang, L., 2021. The ef-
fect of high temperature on the immunoenzyme activity and
heterosis of Pacific oyster and Kumamoto oyster and their hy-
brids. Periodical of Ocean University of China, in press (in
Chinese with English abstract).

Zhang, L., Hou, R., Su, H., Hu, X., Wang, S., and Bao, Z., 2012.
Network analysis of oyster transcriptome revealed a cascade
of cellular responses during recovery after heat shock. PLoS
One, 7 (4): e35484.

Zhang, Y., Zhang, Y., Li, J., Wang, Z., Yan, X., and Yu, Z., 2017.
Incomplete sterility of hybrids produced by Crassostrea hong-
kongensis female x Crassostrea gigas male crosses. Aquacul-
ture Research, 48 (3): 1351-1358.

(Edited by Qiu Yantao)



