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Thermal exposure of sessile marine animals inhabiting estuarine intertidal regions is a
serious concern with respect to their physiological processes. Organisms living in this
region can be exposed to high temperature (>40°C) during the low tide, which may affect
the survival of these organisms. The Hong Kong oyster, Crassostrea hongkongensis,
distributed along the coast waters of the South China Sea, is one of the dominant sessile
inhabitants of marine intertidal region which undergoes large seasonal temperature
fluctuations (up to 10-20°C during diurnal cycles) every year. To cope with acute thermal
stress, it has developed several adaptation mechanisms, e.g., the firmly shut of the
shells. However, the genetic basis of these mechanisms remain largely unclear. To better
understand how acute thermal exposure affects the biology of the oyster, two cDNA
libraries obtained from the gill of oysters exposed to 37°C thermal stress and ambient
temperature were sequenced using the Digital Gene Expression (DGE) tag profiling
strategy. In total, 5.9 and 6.2 million reads were obtained from thermal stress and
control libraries, respectively, with approximately 74.25 and 75.02% of the reads mapping
to the Crassostrea hongkongensis reference sequence. A total of 605 differentially
expressed transcripts could be detected in the thermal stress group as compared
to the control group, of which 378 are up-regulated and 227 are down-regulated.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis indicated that these Differentially Expressed Genes (DEGs) were enriched with
a broad spectrum of biological processes and pathways, including those associated
with chaperones, antioxidants, immunity, apoptosis and cytoskeletal reorganization.
Among these significantly enriched pathways, protein processing in the endoplasmic
reticulum was the most affected metabolic pathway, which plays an important role in
the unfolded protein response (UPR) and ER-associated degradation (ERAD) processes.
Our results demonstrate the complex multi-modal cellular response to thermal stress in
C. hongkongensis.
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INTRODUCTION

Opysters are marine bivalve belonging to the phylum mollusca,
which contains the largest number of described animal species
(Jones and Blaxter, 2005). They can inhabit estuarine or intertidal
zones characterized by dramatic changes in salinity, oxygen
concentration and temperature. Among these, temperature is
regarded as the most important factor that potentially regulates
the physiological processes in these marine organisms (Prokofiev,
2001). With the intertidal zone’s high exposure to the sun, the
temperature can range from very high during the summer to
near freezing in the winters. Such drastic changes in temperature
can affect the animal’s health leading to decreased growth
rate and increased mortality. However, these organisms have
developed several adaptations to resist such extreme temperature
fluctuations. Oysters close their shells which can isolate themself
from exogenous heat shock.

The oyster, Crassostrea hongkongensis is endemic to the coastal
waters of the South China Sea (Lam and Morton, 2003), which
often experience rapid and dramatic temperature fluctuations
during diurnal/tidal cycles (up to 10-20°C within a few hours)
and seasonal changes (from 10 to 35-40°C). C. hongkongensis
have evolved to acquire powerful defense mechanisms to cope
with thermal stress enabling it to survive dynamic changes
in climatic conditions of the intertidal region. Thus, C.
hongkongensis can serve as a model organism for studying
thermal stress response (Zhang G. et al., 2015). Additionally,
study of thermal stress tolerance in these organisms holds great
significance in recent years. Global warming is a major concern,
which could adversely affect oyster aquaculture. Various studies
have employed quantitative polymerase chain reaction (qRT-
PCR) to identify some important molecular mechanisms and
key processes during stress adaptation or acclimatization in
oyster. And a series of key thermal tolerance related genes
including heat shock proteins (HSPs), HSP-related and the genes
regulating energy metabolism have been identified in oysters.
(Meistertzheim et al., 2007; Kawabe and Yokoyama, 2012; Zhang
and Zhang, 2012; Li et al., 2015; Wang et al., 2015). Some other
studies have utilized high-throughput techniques like microarray
assay to estimate the expression profiles of hundreds of thousands
of genes at the genome wide scale (Farcy et al., 2009; Lang et al.,
2009). After heat shock, pacific oyster could immediately increase
transcription of genes which encode heat shock proteins, and
genes whose products synthesize lipids, participate in cellular
immunity, and influence reproductive activity. Although our
understanding of the general mechanism of thermal tolerance is
enriched from these previous studies in pacific oyster, specific
information on the thermal stress adaptations of Hong Kong
oyster C. hongkongensis remains scant.

Recently, high-throughput transcriptomic studies in C.
hongkongensis have focused on reproduction related genes, thus
providing valuable resources to the oyster research community
(Tong et al,, 2015). However, none of the transcriptomic studies
investigated the gene expression changes associated with thermal
stress in C. hongkongensis. Digital Gene Expression Profiling
(DGE) is a high throughput low cost sequencing technique used
for quick estimation of tissue specific gene expression levels

under specific conditions. It is more advantageous than previous
microarrays technology which has several limitations, including
the accuracy of low abundance expression measurements, the
differences of hybridization properties, and limitation to known
genes (Wheelan et al., 2008). This technique has been widely
used in transcriptomic studies in various species, including
Caenorhabditis elegans (Nesbitt et al., 2010), Physcomitrella
patens (Nishiyama et al., 2012), Cucumis sativus (Qi et al., 2012),
Microsporum canis (Xiao et al., 2015), Bombyx mori (Zhang
et al., 2014), and Mus musculus (Zhang et al., 2013). Aiming to
elucidate the molecular mechanisms of thermal stress tolerance
in C. hongkongensis, a DGE based gene expression analysis was
performed with Hong Kong oysters. Our results yielded sets of
up-regulated and down-regulated genes in response to thermal
stress. Differentially expressed genes were analyzed by the follow-
up gene ontology (GO) and KEGG pathway analysis, shedding
light into the pathways involved in thermal stress adaptation in
C. hongkongensis.

MATERIALS AND METHODS

Experimental Oysters and Thermal Stress
Crassostrea hongkongensis specimens were obtained from an
oyster farm in Zhanjiang, Guangdong Province, China. The
healthy adult oysters which will quickly close and spray seawater
upon stimulation with stirring the seawater were then aerated in
sand-filtered natural seawater in a 500-L tank at 23° 4= 2°C for 2
weeks prior to the experiment. The oysters were fed twice daily
with microalgae, Tetraselmis suecica and Isochrysis galbana. For
thermal stress treatment, 100 oysters were subjected to heat shock
for 1 hin a 100-L tank with pre-warmed (37°C) seawater followed
by transfer to ambient seawater (23° & 2°C). The seawater is
static during the treatment with salinity at 20 ppt and pH at 7.2.
Previous studies indicate that 1 h thermal exposure is stressful to
this species (Lang et al., 2009). The control group was maintained
in ambient seawater (23° &= 2°C) throughout the study. After 24
h, 10 oysters were randomly sampled from thermal-stressed and
control groups.

Samples Collection and RNA Extraction

Gill tissue of 10 oysters from each of the two groups was sampled
in this study. We chose to study gill tissue as it is a large
organ with high surface area exposed to the environment and
has been shown to be perturbed by thermal stress (Lang et al.,
2009). Total RNA was extracted from gill suspensions using 1 mL
TRIzol Reagent (Invitrogen, Carlsbad, CA) per 100 mg of tissue
following the manufacturer’s instructions. RNA concentrations
were measured using a Nanodrop 2000c Spectrophotometer
(Thermo Scientific, USA) and the quality of the RNA was
analyzed by Bioanalyzer 2100.

DGE Library Preparation and Sequencing

DGE Libraries were prepared using the Illumina Digital Gene
Expression Tag Profiling Kit, according to the manufacturer’s
protocol. Briefly, the total RNA samples were treated with
deoxyribonuclease I (DNase I) to remove any possible DNA
contamination. Then 8 g of total RNA was treated with Oligo
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(dT) magnetic beads to purify mRNA. Purified mRNA was mixed
with fragmentation buffer, to yield short fragments. The first
strand cDNA was synthesized from the cleaved RNA fragments
using random primers. RNase H and DNA polymerase I
were subsequently added to remove the RNA fragments
and synthesize the second strand of cDNA, respectively.
The ¢cDNA fragments were then end repaired, followed by
3’ single nucleotide A (adenine) addition and ligation of
adapters. Finally, products were purified and amplified by
PCR to create the sequencing libraries. The libraries were
quantified using Agilent 2100 Bioanalyzer and ABI Step One
Plus Real-Time PCR System and then sequenced by Illumina
HiSeq 2000 sequencer at the Beijing Genomics Institute
(BGI, Shenzhen, China). The sequencing data obtained were
deposited in NCBI Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE85707,
accession number: GSE85707).

Analysis and Mapping of DGE Tags

The raw image outputs from the sequencer were transformed
into base calls using the Illunina pipeline. Prior to mapping the
DGE tags, empty tags (no tag sequence between the adaptors),
adaptors, low quality tags (tags with unknown sequences “N”),
tags with a copy number of 1 (likely sequencing error), and tags
that were too long or too short were excluded from the analysis,

TABLE 1 | Sequences of primers used in this study.

Primer Sequence (5'-3')

HSPbetalF AATTGTACAAGGAGTTCACA
HSPbetalR GTCTCCGAGTTCACGKTTTTCT
HSP70F AGAGGTTGAGGAATATGAATT
HSP70R GTTCATAATACATTATGAGG
C-lectinF ACTTTGAGACATTGGAAGAG
C-lectinR CTGACTGTCAATTCCATCG
DNA-polymeraseF CTGCTTTCTCCATCTTCCTC
DNA-polymeraseR AAGACTGTAGTGAAGGGTCA
IAPF CCTGCAATGTCTCTTGAAGAT
IAPR GGACTGTGCCCTTCACAAA
CREBF CGTGTGTTtCTTAACTAACTC
CREBR CAAATATCATAGAATATGTA
MetallothioneinF GCATTTGCAATTTTCCGGT
MetallothioneinR TGTAACTGCATTGAGACTGG
Rad17F CCTATTGATATCTTTAGCC
Rad17R CTTGGCAGTTTGAGCAGATGG
Hemicentin-1F CGTTGAAAGATTCAGTTAAA
Hemicentin-1R ATAACAATCCATCGTCTGCGAC
Cl1glF CCTGCAACAAGATGTTGCG
C1g1R CATTGCTTCCACCTTGCAG
Alkaline phosphataseF CAAtGTCGCCTCGGTGAAGGA
Alkaline phosphataseR ACTGGTTATTATGTTATAAC
PATS1F GATGCCGAGGAGTGCACCAT
PATS1R TGCTTGTGTTTTCTCCAATA

“F” indicates forward primer and “R” indicates reverse primer.

leaving behind clean tags of 21 nt in length. The clean tags were
mapped to the transcriptome of C. hongkongensis sequence (Tong
etal,, 2015) using Bowtie (Langmead et al., 2009). Only tags with
a perfect match or 1 nt mismatch were further considered and
annotated. To monitor mapping events on both strands, tags
mapping to both sense and antisense sequences were included
in the data analysis. All tags mapped to the reference sequences
were filtered, and the remaining clean tags were designated as
unambiguous clean tags. Gene expression was normalized using
the Reads Per kb per Million (RPKM) method (Mortazavi et al.,
2008).

Characterization and Functional

Annotation of DEGs

To identify DEGs, the number of raw clean tags in each library
was normalized to RPKM. To examine expression differences
between the thermal treatment group and the control group,
the RPKM of the two groups were compared. Identification
of the DEGs were performed following a rigorous algorithm
described previously (Benjamini and Yekutieli, 2001). False
discovery rate (FDR) < 0.001 and log2 fold change > 1 were
used as cut-off to determine significant differentially expressed
genes (DEGs). All DEGs were further subjected to Gene Ontology
(GO) and KEGG Orthology (KO) enrichment analysis by
mapping the DEGs to the GO (http://www.geneontology.org/)
and KEGG (http://www.genome.jp/kegg/) databases followed
by hypergeometric tests. A 5% significance level following the
Bonferroni correction was used as the threshold for considering
enriched terms for DEGs.

Validation of the DEGs by qRT-PCR

The oyster samples from another independent treatment groups
were used for quantitative real-time PCR (qRT-PCR) assays. 5
oysters were randomly sampled for each group. The qRT-PCR
analysis was performed on selected DEGs using Lightcycler480
(Roche, Basel, Switzerland). All reactions were performed using
a SYBR Green MasterMix (SYBR Premix EX Taq™, TaKaRa)
according to the manufacturer’s instructions. EF1a gene was used
as the internal control. Primers used for qRT-PCR are listed
in Table 1. PCR conditions were as follows: initial denaturation
at 95°C for 3 min; followed by 45 amplification cycles of
95°C for 15 s, 55°C for 15 s, 72°C for 10 s; 85°C for 20s

TABLE 2 | Summary of alignment statistics of DGE in two libraries mapped
to reference transcriptome.

Thermal stress Control

Reads Percentage Reads Percentage

number (%) number (%)
Total Reads 6178057 100.00 5908582 100.00
Total BasePairs 302724793  100.00 289520518  100.00
Perfect match 3691555 59.75 3400605 57.55
<2 bp mismatch 943529 15.27 986669 16.70
Unique match 4565079 73.89 4314555 73.02
Multi-position match 70005 1.13 72719 1.23
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FIGURE 1 | Differentially-expressed genes (DEGs) in thermal stress and control group (P < 0.05). (A) Scatter plot showing the relationship between the gene
expression level in oysters in presence and absence of thermal stress. The red triangles and the green dots represent the up-regulated and down-regulated genes,
respectively. The brown dots represent the genes that are not differentially expressed. (B) Number of differentially expressed transcripts based on pairwise
comparison: 378 (red) among the 605 differentially expressed genes were up-regulated whereas the rest (green) were down-regulated (P < 0.05).

400 +

350 -

300 4

250 4

200 -

150 A

Number of DEGs

100 -

50 A

up-regulated down-regulated

TABLE 3 | Selected DEGs between the thermal tress and control libraries.

Unigene ID Gene annotation Log2Ratio
(thermal
stress/control)
Unigene0009010 Heat shock protein 70 7.66
Unigene0026837 Heat shock protein beta-1 6.44
Unigene0015010 Heat shock protein 90 4.05
Unigene0021472 Hsp70-binding protein 1 3.43
Unigene0011310 DnaJ-like protein subfamily B member 4 3.39
Unigene0019255 Heat shock protein beta-1 3.28
Unigene0021281 Dual oxidase 11.61
Unigene0020951 Stress-induced protein 1 8.64
Unigene0009414 BAG family molecular chaperone 5.81
regulator 4

Unigene0019668 Ubiquitin-protein ligase E3C 2.41
Unigene0006361 TNFR 3.01
Unigene0015055 TNF receptor-associated factor 3 112
Unigene0019855 Caspase-2 1.07
Unigene0004674 Toll-like receptor 3 112
Unigene0005662 Inhibitor protein kappa B 1.06
Unigene0022381 Thioredoxin 2 1.038
Unigene0029366 C-type lectin domain family 4 member G 412
Unigene0002357 Calnexin 1.11
Unigene0012749 GA16745 —14.32
Unigene0020614 Protocadherin-23 —2.54
Unigene0016673 Tenascin-X —2.38
Unigene0030820 Myosin heavy chain —1.65
Unigene0025398 Tubulin beta chain —1.07
Unigene0008994 Fibropellin-1 -3.16

for signal collection in each cycle. Melting curve analysis was
performed at the end of each PCR reaction to confirm specificity
of the amplicons. Reactions were performed in triplicate, and

the relative expression levels were calculated using the 2744¢T

method (Livak and Schmittgen, 2001). Significance of the
difference in the expression levels of selected genes between the
control and treatment were estimated using Student’s ¢-test.

RESULTS AND DISCUSSION

Analysis of DGE Libraries and Tag Mapping
DGE analysis is a powerful tool to identify and quantify gene
expression at the whole genome level and could provide
comprehensive transcript data for studying differentially
expressed genes (Mardis, 2008). Recently, DGE techniques have
been successfully utilized to study the molecular mechanism
of thermal adaptation in Chlorostoma funebralis, Cryptolaemus
montrouzieri, and Delia antiqua (Gleason and Burton, 2015;
Zhang Y. H. et al, 2015; Hao et al., 2016). To identify genes
involved in thermal stress tolerance in the Hong Kong oyster, a
cDNA library was constructed from the gill tissues of 10 pooled
oysters subjected to a 1 h heat shock in pre-warmed (37°C)
seawater. The control library was also prepared using gills of 10
pooled oysters from a group maintained in ambient seawater
(23°C). A total of 5,908,582 and 6,178,057 reads were generated
from the thermal stress and the control libraries, respectively
(Table 2). Following adapter trimming and clean-up, 4,387,274
(74.25% of total reads) and 4,635,084 (75.02% of total reads) reads
could be successfully mapped to the reference transcriptome
for the treatment and control, respectively (Figure S1). Among
these, 3,400,605 (thermal stress) and 3,691,555 (control) reads
matched perfectly to the reference.

Sequencing saturation data can reflect the sequencing quality
to some extent. Saturation analysis of the clean reads showed
that the genes that the clean tags were mapped to were
saturated when the tag count approached 3 million (Figure S2).
Therefore, the sequencing depth used in our study is sufficient
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to obtain appropriate transcriptome coverage. Additionally,
the unigene coverage, defined by the number of clean reads
aligned to a particular reference transcript, was analyzed for
the transcriptome reference for each sample. As showed in
Figure S3, the distributions of the unigene coverage obtained in
the two libraries are more or less uniform, with a >50% coverage
obtained for 72 and 76% of the total number of genes for thermal
stress and control groups, respectively. This implies that the DGE
technology is sensitive enough to detect transcriptomic changes
in our model species and can be exploited for gene expression
studies at the genome wide scale.

Analysis of Differentially Expressed Genes
(DEGs) after Thermal Stress

To analyze the gene expression changes associated with thermal
stress in oysters, a rigorous algorithm was utilized to identify
DEGs from the normalized DGE datasets using pairwise
comparison between the two groups (thermal stress and control).
To obtain the authentic DEGs, 10 pooled oysters were used to
reduce the variation among individuals. DGE analysis of the two
libraries detected transcripts of 20,824 and 20,751 genes under
thermal stress and control conditions, respectively (Table S1).
The transcripts showing at least 2-fold change (FDR<0.001 and
[log2-Ratio (thermal stress/control)|>1) in the thermal stress
library compared to the control library were considered to be
differentially regulated. Using this cut-off criterion, a total of

605 genes were found to be differentially regulated (DEGs) in
oysters exposed to thermal stress in comparison to the controls
(Table S2). Among these DEGs, 378 genes were up-regulated and
227 were down-regulated in response to thermal stress (Figure 1,
Table 3).

Go and Signaling Pathway Enrichment
Analysis of DEGs

To gain a better insight into the possible mechanisms
of thermal stress response all the 605 differentially
expressed genes were mapped to the terms in GO database.
The main GO terms included “cellular component,
“molecular function,” and “biological process.” In this
study, 110 differentially expressed genes were mapped
to a GO ID and 9 functional groups were found to be
significantly enriched (Bonferroni-corrected P < 0.05;
Table S4) (Figure2). The genes in the enriched functional
groups participated in various metabolic and cellular
functions including endoplasmic reticulum membrane
(GO:0005789), nuclear outer membrane-endoplasmic reticulum
membrane network (GO:0042175), endoplasmic reticulum
(G0O:0005783), endoplasmic reticulum part (GO:0044432),
purine nucleoside binding (GO:0001883), ribonucleoside
binding (GO:0032549), purine ribonucleoside binding
(G0O:0032550), nucleoside binding (GO:0001882) and small
molecule binding (GO:0036094). These functional groups were

40 -

30 1

25 A

20 -

Number of genes

cellular componet molecular function

biological process

FIGURE 2 | Number of genes in each GO category as found from the Gene Ontology classification of DEGs in the thermally stressed oysters. The
results are summarized in three major categories: biological process, cellular component and molecular function.
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thus inferred to participate in thermal stress response of the
oyster.

To further investigate the function of differentially expressed
genes during thermal stress, KEGG based pathway analysis
of the DEGs were performed. The DEGs were mapped to
annotated genes in the KEGG database to identify significantly
enriched genes involved in metabolic and/or signal transduction
pathways. A BLAST search against the KEGG database indicated
that 605 DEGs were assigned to 150 KEGG pathways, and 18
of these pathways were significantly enriched with a cut-off
Q < 0.05 (Table S4). A variety of signaling pathways including
protein processing in endoplasmic reticulum, apoptosis,
ubiquitin mediated proteolysis, endocytosis, spliceosome,
RIG-I-like receptor signaling pathway and MAPK signaling
pathway were found to be significantly affected (Figure 3). Out
of the 18 significantly enriched pathways, protein processing
in endoplasmic reticulum was the most affected metabolic
pathway, with 40 unigenes mapping to the genes of this pathway
(Figure 4). Amongst these 40 unigenes, 25 (mapped to 16 genes)
are the main players of unfolded protein response (UPR) and
ER-associated degradation (ERAD) processes. After thermal
stress, several major components of the UPR and ERAD
process were up-regulated, including BiP, PERK, Derlin, HSP40,
HSP70, NEFE sHSE, and Prgl. Misfolded proteins resulting from
thermal stress are retained within the ER lumen in complex
with the above mentioned molecular chaperones, and then

directed for degradation through the proteasome in the ERAD
process (Fewell and Brodsky, 2009). Results from our pathway
analysis are consistent with this mechanism of misfolded protein
removal under thermal stress. Corresponding with our results,
previous reports in Oncorhynchus tshawytscha and Stylophora
pistillata suggest that the genes involved in protein processing
in endoplasmic reticulum are significantly up-regulated under
heat stress (Maor-Landaw et al, 2014; Tomalty et al., 2015).
Thus, our transcriptomic study indicated that protein processing
in endoplasmic reticulum may be involved in thermal stress
response in the Hong Kong oysters which are vital for survival of
the organism in such unfavorable conditions.

Validation of DEGs by qRT-PCR

To validate the digital gene expression (DGE) results, 8 up-
regulated (Heat shock protein 70, HSPbeta-1, DNA polymerase,
C-type lectin, apoptosis inhibitor protein, cAMP-responsive
element-binding protein-like 2, Rad17, metallothionein) and 4
down-regulated (PATS1, Alkaline phosphatase, Hemicentin-1,
Clql) genes representing different biological processes were
selected for qRT-PCR analysis (Figure 5). The results indicated
a strong correlation (R2 = 0.908) between the expression fold
changes detected by DGE and qRT-PCR (Figure 6). This finding
is comparable with other studies analyzing correlations between
RNA-seq and qRT-PCR results (Camarena et al., 2010; Zhang
et al,, 2013; Zhai et al., 2016). The qRT-PCR validation results

Spliceosome
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Small cell lung cancer
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Influenza A

Prion diseases

Toxoplasmosis

Osteoclast differentiation

Cytosolic DNA-sensing pathway
Cytokine-cytokine receptor interaction
Apoptosis

MAPK signaling pathway

RIG-I-like receptor signaling pathway
NOD-like receptor signaling pathway
Pathways in cancer

Ubiquitin mediated proteolysis
Antigen processing and presentation

Protein processing in endoplasmic reticulum

0 10

FIGURE 3 | KEGG pathway classification of identified genes.
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FIGURE 4 | Interaction network of differentially expressed genes involved in protein processing in the endoplasmic reticulum during thermal stress.

confirmed the accuracy and reliability of the expression changes
detected by DGE analysis. Thus, the DEGs functional enrichment
analysis could be used to make reasonable deductions. We
hypothesize that these DGEs could play an important role in the
response to thermal stress in the Hong Kong oyster.

Genes Associated with Thermal Stress

Tolerance

Thermal stress is one of the most prominent forms of abiotic
stress which increases the susceptibility of oysters to diseases,
thereby affecting oyster production in the aquaculture industry
(Hofmann and Todgham, 2010; Shiel et al., 2015). Therefore,
functions related to thermal stress response form the major
focus of this study. Gene expression analysis is a useful method
to discover genes involved in the regulation of thermal stress.
Techniques for gene expression analysis include northern blots,
qRT-PCR, DNA microarray and RNA-seq DGE). Northern blots
and qRT-PCR are good for detecting whether a single gene
is being expressed. With DNA microarrays, it could only use
the available network knowledge for investigation of possible
pathways (Wheelan et al., 2008). And the advantages of DGE
technique in profiling lower expressed genes and measuring

greater dynamic range have made it an attractive alternative to
other next-generation sequencing techniques. To generate an
information platform for thermal stress response, representative
transcripts showing differential expression of 2 fold or more
were analyzed under control and thermal stress condition in
C. hongkongensis. Functional analysis for these DEGs showed
that genes related to protein folding (molecular chaperones or
HSP family), antioxidants, immune response, and cytoskeleton
was differentially expressed between the thermal treatment and
control group respectively.

Involvement of Chaperones, Heat Shock and
Ubiquitin Proteins

Among the thermal stress-induced transcripts, genes associated
with protein folding and chaperone binding were the most
significantly enriched. Exposure to high temperature can trigger
the synthesis of heat shock proteins (HSPs) and other molecular
chaperones. Many HSPs function as molecular chaperones to
protect thermally damaged proteins from aggregation, unfold
aggregated proteins, and refold damaged proteins or target
them for efficient degradation (Verghese et al, 2012). This
explains the significant enrichment of the GO associated with
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protein folding and chaperone binding in the present study.
We found that 33 genes belonging to HSP family, including
HSP beta-1, SIP1, AHSAI, alpha-crystallin B, HSPB1, HSP40,
HSP68, HSP70, and HSP90, were dramatically induced after
thermal stress. Upon heat shock, HSPs are activated by a change
in their oligomerization state and through phosphorylation;
subsequently, they bind to denaturing proteins and prevent their
aggregation (Haslbeck et al., 2005; Zeng et al., 2015). Previous
reports on various aquaculture species of oysters suggested
a rapid induction in the expression level of HSPs when the
animals were subjected to thermal stress (Dong et al., 2006;
Ueda and Boettcher, 2009; Huang et al., 2011; Cho and Jeong,
2012; Wan et al., 2012; Wu et al,, 2012; Li et al., 2016). In the
present study, it was found that 10 paralogs of both HSP70
and HSP40 were simultaneously up-regulated under thermal
stress. It is well known that HSP70 plays several essential
roles in cellular protein metabolism which include folding and
assembly of newly synthesized proteins, refolding of misfolded
and aggregated proteins, membrane translocation of organelle
and secretory proteins, and controlling the activity of regulatory
proteins (Ryan and Pfanner, 2001; Pratt and Toft, 2003). HSP40
on the other hand facilitates cellular recovery from proteotoxic

stress primarily by regulating the ATPase activity of HSP70
proteins through a well conserved ] domain (Kelley, 1998). The
concerted activity of HSP70 and HSP40 in response to thermal
stress is also evidenced by Li et al. (2016) who observed that
HSP40 and HSP70 are co-expressed in response to thermal stress
in the mollusk Pinctada martensii. Thermal stress adaptation
requires massive induction in the expression and synthesis of
HSPs. However, excessive energy expenditure in synthesis of
HSPs could have deleterious effect on oysters by compromising
their physiological and immune status. Thus, although the
oyster needs HSP induction, it would also need a parallel
mechanism to control HSP overproduction. In the present study,
the HSP suppressor, BAG family molecular chaperone regulator
4 (BAG4), was up-regulated by 31 fold during thermal stress
treatment, strongly suggesting in vivo concerted regulation of
HSPs in maintaining cellular homeostasis in the oyster.
Although HSPs could help rescue the misfolded proteins,
some damages caused by thermal stress are irreversible and such
misfolded proteins need to be eliminated through proteolysis to
avoid forming cytotoxic aggregates (Parsell and Lindquist, 1993;
Kiiltz, 2005). Unfolded or damaged proteins that are not rescued
through chaperone stabilization or refolding are directed for
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degradation in the ubiquitin/proteasome pathway. Such proteins
are marked for removal by the covalent attachment of multiple
ubiquitin molecules and are subsequently degraded by the 26S
proteasome or the lysosome (Ciechanover, 1994, 1998).

Several genes involved in the attachment of ubiquitin to
target proteins were upregulated in C. hongkongensis under
thermal stress. These included the Ubiquitin-protein ligase E3C,
HERC2, MIB2, and Ubiquitin conjugation factor E4. Ubiquitin-
conjugating enzyme receives ubiquitin and forms a thioester-
linked intermediate with ubiquitin. This is followed by binding
of E2 and the substrate to ubiquitin ligase which catalyzes
the transfer of ubiquitin to the substrate (Richly et al., 2005).
Ubiquitin conjugation factor E4 binds to the ubiquitin moieties
of these conjugates and, in conjunction with the E1, E2, and
E3 enzymes, drives multiubiquitin chain assembly, yielding long
chains (Koegl et al., 1999). The increased expression of genes
involved in ubiquitin/proteosome pathway in the present study
indicates that elimination of denatured proteins in the oyster
begins very early during thermal exposure.

Increased Expression of Antioxidants

Rise in environmental temperature can often induce production
of reactive oxygen species (ROS) in aquatic organisms (Madeira
et al,, 2013; Li et al, 2015). The accumulation of ROS can
damage important biomolecules, such as DNA, proteins and
lipids, and thereby impair normal cellular function (Meng et al.,
2014). In response to ROS production, these organisms activate
the cellular scavenging system that involves enzymes, such as
thioredoxins. Thioredoxins can act as antioxidants by reducing
ROS-damaged proteins via cysteine thiol-disulfide exchange
(Nordberg and Arner, 2001). In the present study, up-regulation
of Thioredoxin-1 and Thioredoxin-2 were observed under

thermal stress, indicating their critical role in cellular redox
homeostasis and detoxification in the oyster.

Induction of Innate Immunity and Apoptosis

Acute thermal stress has been shown to induce the innate
immune system and inflammatory response in mollusks, such
as Pomacea canaliculata (Mu et al., 2015) and Crassostrea gigas
(Zhang Y. et al., 2015). In the present study, expression of several
immune-related genes was upregulated, such as the pattern
recognition receptors, retinoic acid inducible I (RIG-I), C-
type lectin, leucine-rich repeat-containing protein, and toll-like
receptor 3 (TLR3), cellular transducer signaling gene inhibitor
protein kappa B (IkB) and p38. Previous reports suggest that
high temperature could impair the immune system, reducing the
phagocytic ability of the immune cells, which in turn increases the
susceptibility of the oysters to opportunistic infections (Hegaret
et al, 2004). In such oysters with impaired immunity, bacterial
pathogens secrete proteases which facilitate the infection process
(Romestand et al., 2002). Elevated expression of RIG-I, C-type
lectin, TLR3, p38, and I« B in oysters exposed to thermal stress
may help prevent pathogen attack and increases the resistance
to pathogens. Apoptosis-related gene, tumor necrosis factors
receptor (TNFR), TNF receptor-associated factor 3 (TRAF3),
caspase-2, and inhibitor of apoptosis protein (IAP) were also
upregulated in the present study, suggesting that heat shock
might increase the rate of apoptosis. Apoptosis is an important
immune response in oysters that allow the immune system
to remove dead cells produced by thermal stress. Our results
suggest that up-regulation of immune regulatory proteins could
compensate for the impairment of innate immunity in oysters
facing thermal stress.

Cytoskeletal Reorganization under Thermal Stress
Cytoskeletal ~ organization also undergoes pronounced
transformation under thermal stress (Richter et al., 2010).
Cytoskeleton proteins have dynamic structures, which help
maintain cell shape, and aid in cellular division, cell movement
and support. Changes in the expression of cytoskeletal gene
transcripts in response to abiotic stress have been reported in
many marine organisms (Lockwood and Somero, 2011; Evans
and Hofmann, 2012). In the present study, exposure to thermal
stress reduced the expression of genes involved in the formation
of major cytoskeletal structures, such as tubulin (0.47-fold
compared to the control group), and myosin (0.31-fold compared
to the control group). Also, there is a decline in the expression
of the matrix metalloproteinase genes, zinc metalloproteinase
nas-7, disintegrin and metalloproteinase domain-containing
protein 10, which are involved in extracellular matrix synthesis
and remodeling. Additional evidence reflective of changes
in cytoskeletal organization in the present study comes from
the decreased expression of protocadherins Tenascin X, and
an extracellular matrix protein, plays a crucial architectural
function by modulating cell adhesion (Bristow et al, 2005).
Protocadherins constitute the largest subfamily of the cadherin
superfamily of cell-adhesion molecules (Chen and Maniatis,
2013). Our findings strongly suggest extensive cytoskeletal
reorganization in the oyster in response to thermal stress.
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CONCLUSIONS

In the present study, we have used Digital Gene Expression
(DGE) tag profiling strategy to identify the differentially
expressed genes during thermal stress in the Hong Kong
oyster, C. hongkongensis. We found that among the 605
differentially expressed transcripts, 378 were up-regulated
and 227 were down-regulated in the thermal stress group as
compared to the control group. Additionally, gene ontology
and KEGG pathway analysis indicated that these differentially
expressed genes (DEGs) were enriched with a broad spectrum
of biological processes and pathways among which, protein
processing in the endoplasmic reticulum was the most
affected metabolic pathway. Moreover, some differentially
expressed genes including HSP family, ubiquitin proteins,
and antioxidants are involved in the thermal stress. This
study thus provides insights into the molecular mechanisms
underlying thermal stress tolerance in the Hong Kong
oyster.
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