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ABSTRACT: The Pacific oyster Crassostrea gigas is one of the dominant sessile inhabitants of the estuarine intertidal zone,
which is a physically harsh environment due to the presence of a number of stressors. Oysters have adapted to highly dynamic
and stressful environments, but the molecular mechanisms underlying such stress adaptation are largely unknown. In the present
study, we examined the proteomic responses in the gills of C. gigas exposed to three stressors (high temperature, low salinity, and
aerial exposure) they often encounter in the field. We quantitatively compared the gill proteome profiles using iTRAQ-coupled 2-
D LC−MS/MS. There were 3165 identified proteins among which 2379 proteins could be quantified. Heat shock, hyposalinity,
and aerial exposure resulted in 50, 15, and 33 differentially expressed gill proteins, respectively. Venn diagram analysis revealed
substantial different responses to the three stressors. Only xanthine dehydrogenase/oxidase showed a similar expression pattern
across the three stress treatments, suggesting that reduction of ROS accumulation may be a conserved response to these
stressors. Heat shock caused significant overexpression of molecular chaperones and production of S-adenosyl-L-methionine,
indicating their crucial protective roles against protein denature. In addition, heat shock also activated immune responses, Ca2+

binding protein expression. By contrast, hyposalinity and aerial exposure resulted in the up-regulation of 3-demethylubiquinone-9
3-methyltransferase, indicating that increase in ubiquinone synthesis may contribute to withstanding both the osmotic and
desiccation stress. Strikingly, the majority of desiccation-responsive proteins, including those involved in metabolism, ion
transportation, immune responses, DNA duplication, and protein synthesis, were down-regulated, indicating conservation of
energy as an important strategy to cope with desiccation stress. There was a high consistency between the expression levels
determined by iTRAQ and Western blotting, highlighting the high reproducibility of our proteomic approach and its great value
in revealing molecular mechanisms of stress responses.
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■ INTRODUCTION

The intertidal zone in estuaries is one of the most physically
harsh and dynamic environments in the ocean, with widely
fluctuated tidal levels and daily changes in temperature and
salinity. Organisms living in the estuarine intertidal zone can
thus be exposed to the air, low salinity, and high temperature
(>40 °C) during the low tide. Consequently, such highly
variable environmental conditions have shaped the adaptation

of intertidal estuarine communities. During the last several
decades, the growing human activities as well as global climate
change have imposed profound challenges on marine
ecosystems. For example, the increasing atmospheric carbon
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dioxide concentration due to the burning of fossil fuels has
caused acidification as well as warming of the ocean.1 Global
warming can intensify salinity variability of surface seawater,
especially in inshore areas though increasing precipitation, and
freshwater runoff.2 Therefore, to survive, estuarine intertidal
organisms must adapt to such harsh environments behaviorally
and physiologically. For instance, tolerance to high temperature
is often associated with the synthesis of molecular chaperones
to stabilize denatured proteins and reducing metabolic
demand,3 while tolerance to hyposalinity often involves changes
in intracellular free amino acid concentration to rapidly regulate
cellular volume and osmolarity in intertidal marine mollusks.4−6

Among the intertidal inhabitants, the Pacific oyster
Crassostrea gigas is a dominant sessile species in many estuarine
intertidal zones throughout the temperate Pacific and Atlantic
Oceans.7 Unlike many other intertidal organisms, oysters are
permanently attached to rock surfaces after settlement;
therefore, they cannot escape from any abiotic or biotic stress
affecting the intertidal zone. As a result, oysters have evolved to
acquire powerful defense mechanisms to withstand the highly
dynamic and stressful environments, which have made them an
excellent model for studying stress adaptation.8 Previous studies
focusing on one to few genes have identified some important
molecular mechanisms and key processes during stress
adaptation or acclimatization in oyster gills and mantle.
Specifically, a series of cell stress marker genes coding
chaperone proteins (heat shock proteins (HSPs)), oxidative
stress responsive proteins (Cu−Zn superoxide dismutase,
metallothionein (MT), glutathione S-transferase), a transcrip-
tional factor (hypoxia-inducible factor α), and osmoregulatory
genes (amino acid transporter and taurine transporter) have
been identified in oysters.3,9−13 More recently, studies on the
transcriptomic responses to stress based on systems biology
tools, such as RNA-seq or microarray, have yielded important
insights into the stress adaptation, leading to the discovery of
over five thousand stress-responsive genes or gene sets in
marine mollusks including oysters.8,14−18 Up-regulation of
HSPs and inhibition of apoptosis protein family (IAPs) is
considered as the central mechanisms of oyster’s amazing
endurance to the stressful conditions in intertidal zone.8

Moreover, some genes involved in signaling transduction, like
G-protein-coupled receptors, Ras GTPase and PI3K/AKT/
mTOR pathway, also played important roles in orchestrating
the stress responses in oysters.8,19

However, transcriptional profiling may only partially
contribute to the understanding of stress adaptation because
not all transcripts can be translated and mRNA abundances
may not correspond to protein expression level due to pre-, co-,
and post-translational modification, and proteins, not mRNA,
are the effectors of biological functions.20,21 In addition, critical
regulatory signaling events downstream of transcription will not
be detected by transcript analysis.22 Proteomics, the large-scale
study of protein structures and functions, has the potential to
fill this gap and enhance our understanding of the molecular
mechanisms of stress responses in oysters and other intertidal
animals.23 A number of studies have characterized the
proteomic responses to several stressors in oysters, including
heavy metal exposure, elevated pCO2, and pathogen
infection.24−27 However, to our knowledge, no proteomic
studies have been conducted to understand the responses of
oysters to temperature and salinity stressors. Of the previous
studies on stress responses in oysters, most involved the use of
the 2-D gel electrophoresis-based method, which suffers from

the shortcomings of low throughput and low reproducibility.28

In the present study, we examined the proteomic responses of
C. gigas to thermal stress (heat shock), hyposalinity, and aerial
exposure in the gills because they are more exposed than many
other organs to the environment and are known to be
responsive to environmental challenges at the transcript
level.14,15 We adopted the isobaric tags for relative and absolute
quantitation (iTRAQ) coupled to 2-D LC−MS/MS ap-
proach,29 which is known to be a benchmarking technique in
protein expression analysis with high throughput and high
reproducibility,30,31 to identify the proteins and determine the
treatment effects. Moreover, we validated the expression results
of a set of proteins determined by mass spectrometry (MS)
using Western blotting. Here our study aimed to address the
following questions: (1) Which proteins or functional groups of
proteins alter their expressions significantly in response to the
three stressors previously mentioned? (2) Are these responses
specific or common to the three different stressors?

■ MATERIALS AND METHODS

Oysters, Exposure Conditions, and Sample Collection

Two year old C. gigas (shell height 90−120 mm) were obtained
from Qingdao, Shandong Province, China (120.33°E,
36.07°N), and maintained in the experiment station of South
China Sea Institute of Oceanology (SCSIO), Chinese Academy
of Sciences in Zhanjiang, Guangdong Province in February
2013. Oysters were acclimated in an aquarium tank (30 M3)
supplied with sand-filtered seawater at ambient temperature (18
± 1 °C) and salinity (30‰). Oysters were fed with the
microalgae Isochrysis galbana (105 cell/mL) and Chaetoceros
calcitrans (2 × 105 cell/mL) every day. The oysters were
allowed to acclimate for 1 month. The experiment included a
control and three treatments (heat shock: 38 °C for 1 h;
hyposalinity: 8‰ for 24 h; aerial exposure: air at ambient
temperature for 24 h), each with three replicates of four
individuals. These exposure conditions were determined based
on previous studies, which showed that experimental treat-
ments are stressful to this species.15,16 The 24 h exposure
period for the hyposalinity and aerial exposure treatments
roughly equals the tidal cycle (24 h and 52.7 min) in the
oyster’s native habitat. The oysters were kept in 50 L
experimental tanks with sand-filtered and UV-sterilized sea-
water (30‰, except in the hyposalinity treatment). In the
control, the seawater was maintained at ambient temperature
(18 ± 1 °C). In the thermal stress treatment, the oysters were
exposed to high temperature (38 °C) seawater for 1 h, followed
by a 24 h recovery at ambient temperature (18 ± 1 °C).15,32 In
the hyposalinity treatment, the oysters were exposed to
hyposalinity (8‰) for 24 h. The hyposaline seawater was
prepared by dilution with filtered tap water, and the salinity was
measured using a conductivity Meter (ATAGO, ES-421,
Japan). In the aerial exposure treatment, the oysters were
exposed to air in empty aquaria at ambient temperature for 24
h.
At the end of exposure, the oysters were dissected, and the

gill tissues were used for proteomic analysis. In each oyster,
sampling was conducted by excising ∼100 mg gill tissue from
each individual, and samples from four individuals were pooled
to form one biological replicate. In total, 48 oysters
representing three biological replicates of four experiment
treatments (four treatments × three biological replicates × four
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oysters per biological replicates) were used for the following
protein analysis.

Protein Extraction and iTRAQ Labeling

Gill samples dissolved in 8 M urea were homogenized and
sonicated to break the cells and release the proteins. The
samples were then centrifuged at 15 000g for 15 min at 4 °C.
The supernatant was collected and transferred into a new tube.
A 2D-cleanup Kit (Bio-Rad, Hercules, CA) was used to purify
the samples, and the proteins were redissolved in 8 M urea.
Each sample was quantified using a RC-DC Protein Assay Kit
(Bio-Rad, Hercules, CA) following the manufacturer’s protocol,
and 200 μg protein from each replicate was used for iTRAQ
labeling.33 Proteins were reduced with 5 mM triscarboxyethyl
phosphine hydrochloride at 60 °C for 1 h and alkylated with
methylethanethiosulfonate (10 mM) for 20 min at room
temperature. Triethylammonium bicarbonate (50 mM) was
used to dilute the samples eight-fold, and the protein samples
were digested for 16 h at 37 °C using sequencing-grade trypsin
(Promega, Madison, WI) with a 1:50 (w:w) trypsin to protein
ratio. After digestion, peptides from the control, heat shock,
hyposalinity, and aerial exposure treatments were labeled with
the isobaric tags 114, 115, 116, and 117, respectively. Samples
were then pooled and dried in an Eppendorf vacuum
concentrator.

SCX Fractionation and LC−MS/MS Analysis

The dried samples were reconstituted using Solution A [20%
acetonitrile (ACN) and 10 mM KH2PO4, pH 3.0]. SCX
fractionation34 was conducted by a Poly SULFOETHYL
column (200 × 4.6 mm, 5 μm particle size, 200 Å pore size)
(PolyLC, Columbia, MD) using a Waters 2695 HPLC. The
fractionation was conducted for 50 min, with a flow rate of 1
mL/min. The fractionation involved the use of 100% Solution
A for 5 min, then 0 to 30% Solution B (20% ACN, 10 mM
KH2PO4, and 0.5 M KCl, pH 3.0) with a linear changing
gradient for 28 min, 30 to 100% Solution B with a linear
changing gradient for 5 min, 100% Solution B for 5 min, and
100% Solution A for 7 min. Fourteen fractions were collected,
dried under vacuum, and desalted with Sep-Pak C18 cartridges
(Waters, Milford, MA).
Samples were reconstituted with Solution A (0.1% formic

acid in water) and analyzed with a LTQ-Orbitrap Elite
(Thermo Fisher, Bremen, Germany) coupled to an Easy-nLC
(Thermo Fisher, Bremen, Germany). Peptides were separated
by a C18 capillary column (50 μm × 15 cm, packed with
Acclaim PepMap RSLC C18, 2 μm, 100 Å, nanoViper, Thermo
Scientific). A 90 min gradient was used, with 5 min in 100%
Solution A, 55 min in 0−30% Solution B (0.1% formic acid in
ACN), 10 min in 30−98% Solution B, 10 min in 98% Solution
B, and finally 10 min in Solution A. A full MS scan (350−1600
m/z range) was acquired at a resolution of 60 000 in the
positive charge mode. The five most abundant precursors with
+2, +3, or +4 charges and over a minimum signal threshold of
500.0 were selected for fragmentation using a collision-induced
dissociation (CID)/high-energy collision-induced dissociation
(HCD) dual-scan approach. The peptide identification was
resolved by CID spectra. At the same time, iTRAQ
quantification was acquired in HCD in C-trap. The isolation
width was set as 2.0 (m/z) for both HCD and CID with
activated dynamic exclusion to remove the duplicate precursors.
The settings for the CID scan were 35% for the normalized
collision energy, 0.25 for the activation Q, and 10 ms for the
activation time. The settings for the HCD fragmentation were

full-scan with FTMS at a resolution of 15 000 in a centroid
mode, 45% normalized collision energy, and 10 ms activation
time.

Bioinformatics Analysis

Raw MS data were converted into .mgf files using Proteome
Discoverer v 1.3 (Thermo Scientific). Unpaired scans (i.e.,
either CID or HCD profile without detecting the same
precursor) were deleted. Both CID and HCD scans were
applied for the same precursor. However, because of the limited
quantity of a small percentage of precursors (<0.1%), either
CID or HCD data were missing. For precursors with both CID
and HCD data, the iTRAQ reporter mass (114.0−117.5 Da)
from the HCD scans was extracted and used to replace the
respective CID mass range using a python script. Data
generated by HCD and the modified CID scans were then
separately searched against C. gigas database based on DNA
sequences submitted to NCBI,8 including both the “target”
sequences of 26 086 proteins and “decoy” sequences using
Mascot version 2.3.2 (Matrix Sciences, London, U.K.).
Parameters for CID scans were ±5 ppm for precursor, ±0.6
Da for fragments, up to two missed cleaved peptides, fixed
modification of methylthio (cysteine), variable modification of
deamidated glutamine, asparagine and oxidation of methionine,
and the quantitation method of iTRAQ 4 plex. Searching
criteria of HCD were similar to those of CID with the
exception of 20 mmu of fragment tolerance. Ion scores of <28
which corresponded to 95% confidence level were discarded,
and results were exported as .csv files.
False discovery rate threshold was set as 1%33 for both CID

and HCD database search. Unlabeled peptides and those
matched to decoy database were deleted. For each protein,
quantification was performed based on the summed intensity of
peptides detected in both CID and HCD database search.
Proteins with at least two peptides from any of the three
replicates were kept. Median normalization was applied to each
replicate.31 The threshold for differentially expressed proteins
(DEPs) was determined based on the 95% confidence level
among the three biological replicates.33 In other words, proteins
that had a fold-change ratio >1.28 or <0.83 were considered as
differentially expressed between control and treatment groups.
Blast2GO was applied to classify the proteins into functional
categories. GOEAST enrichment analysis was performed to
determine the enriched protein categories, with all of the
identified proteins being used as the background list.35 In brief,
all of the identified proteins annotated by Blast2GO and DEPs
were submitted as “background list” and “gene list”,
respectively. Enrichment analysis was performed by the
hypergeometric test, and the significance level was corrected
by the Yekutieli multitest FDR adjustment method.35 Protein
functional domains were deduced by searching against Pfam,
which is a large collection of protein families.36

Western Blotting

The extracted gill protein samples were homogenized and
suspended in a cold lysis buffer containing 250 mM Tris/HCl
(pH 8.0), 1% NP-40, and 150 mM NaCl. After centrifugation at
14 000g for 10 min at 4 °C, protein concentration in the
supernatant was quantified using a DC Protein Assay Kit II
(Bio-Rad). The samples (30 μg protein per lane) were
subjected to 12% SDS-PAGE and electroblotted onto
polyvinylidine fluoride (PVDF) membranes (Millipore) and
then incubated with rabbit polyclonal antibody for 2 h at room
temperature. The antigenic peptides (HSP70, CATENAGE-
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KLQPGDK; Cystatin B, CGGLSGAKKADCET; Calmodulin,
CFKVFDKDGSGDISA) were synthesized by GenScript
(Nanjing, China). An extra “C” was added to the N terminus
to facilitate conjugation. The primary antibodies were raised in
rabbits against keyhole limpet hemocyanin (KLH)-conjugated
peptides. Then, the antibodies were affinity-purified by using a
specific peptide as ligand. The polyclonal antiactin of rabbit
antibody was purchased from Abcam (Cambridge, U.K.). The
specificity of all antibodies was tested by preincubation with
synthesized antigenic peptides. Membranes were then
incubated with HRP (horseradish peroxidase)-conjugated
mouse antirabbit IgG (Cell Signaling Technology, USA).
Finally, the bands were visualized using a Chemiluminescence
Detection Kit (Life Technology) and quantified using ImageJ
1.48. The relationship between the Western blotting and
iTRAQ data was assessed with linear correlation using
GraphPad Prism 6.01.

■ RESULTS AND DISCUSSION

Proteome Characterization

Analysis of the three biological replicates resulted in 28 335, 34
906, and 31 809 peptide spectra, which corresponded to 2309,
2536, and 2530 of proteins, respectively (Supplementary Table
S1 in the Supporting Information). Overall, 3165 proteins were
identified from 95 050 peptides among which 15 186 were
unique, and the average coverage of the peptides matched was
27.7%. Only proteins that contained at least two peptides and
that were detected in all three replicates were used in
quantification, which included 2379 proteins. Blast2GO
classified the proteins into three categories: biological processes
(BP, 2116; 33.2%), cellular components (CC, 1820; 28.6%),
and molecular functions (MF, 2433; 38.2%) (Supplementary
Figure S1 and Table S2 in the Supporting Information). The
terms of metabolic process (GO:0008152, 35.3%), cell
(GO:0005623, 27.3%), and catalytic activity (GO:0003824,
35.0%) were the most significantly represented category in BP,
CC, and MF, respectively. These results show overwhelming
superiority of our workflow over the traditional 2-DE approach,
which reported no more than 500 proteins or protein spots in
this species.25,26

In total, 87 DEPs were detected, with 50 in the heat shock
treatment, 15 in the hyposalinity treatment, and 33 in the aerial
exposure treatment (Figure 1A; Tables 1−3). Our data revealed
that only a small part of the oyster gill proteome (87/2379,
3.66%) was involved in the stress responses, reflecting low rates
of protein turnover during oyster stress response. In general,
protein turnover, referring to the continuous biogenesis and
degradation of cellular proteins, could provide a necessary flux
for metabolic regulation and adaptation.37,38 Similarly, lower
rates of protein turnover were also observed in the gills of the
marine mussel Mytilus edulis exposed to metals and heat stress,
which was thought to contribute to energy saving, thereby
enhancing the survival possibility for the animals under stress.32

To address whether C. gigas utilizes common or specific
responses to cope with different stresses, we constructed a
Venn diagram, which showed that most of the DEPs did not
overlap among the three stress treatments, strongly suggesting
that specific responses could be mobilized to defense distinct
stresses (Figure 1B, Supplementary Figure S2 in the Supporting
Information). Only two DEPs were shared among the three
treatments. The first was xanthine dehydrogenase/oxidase
(XOR) with a 0.55- to 0.83-fold down-regulation after exposure
to the three stressors. It was also the only DEP with the same
expressional trend irregardless of the type of stress. XOR is a
critical source of reactive oxygen species (ROS) because
superoxide anion and hydrogen peroxide can be generated
while catalyzing the oxidation of hypoxanthine and xanthine.39

In the marine mussel, the XOR activity has been detected in the
epithelial cells of various types of tissues, including digestive
gland and gill.40 Considering that ROS accumulation can result
in oxidative stress and impairment of normal physiological
activities such as immune defense and metabolism,41 decreased
XOR expression may contribute to alleviation of deleterious
effects caused by stress-induced accumulation of ROS. The
other DEP shared among the three stress treatments was a
hypothetical protein (CGI_10026433), containing one signal
peptide at the N-terminal and an ependymin (Epd) domain.42

Previous studies have demonstrated that Epd containing
protein was upregulated in the brain of teleost fish upon cold
shock and hypoxia.43,44 Although the underlying mechanism is
still unclear, Epd-containing protein could prevent apoptosis
through reversing intracellular accumulation of calcium.45 In C.

Figure 1. Number of differentially expressed proteins (A) and a Venn diagram showing the common and unique expressed proteins in response to
the three stressors (B).
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Table 1. Differentially Expressed Proteins in Response to Heat Shock

protein description

protein
accession
number mean SD

no. of
peptides
matched Pfam

Molecular Chaperones
stress-induced protein 1 EKC27012 19.01 4.38 64 Hsp20/alpha crystallin family
stress-induced protein 1 EKC27011 13.30 3.09 105 Hsp20/alpha crystallin family
heat shock protein beta-1 EKC40046 9.84 1.48 37 Hsp20/alpha crystallin family
stress-induced protein 1 EKC27013 9.54 1.32 59 Hsp20/alpha crystallin family
heat shock protein 68 EKC22243 6.86 1.72 159 Hsp70 protein
BAG family molecular chaperone
regulator 4

EKC42633 6.67 1.27 24 WW domain; BAG domain

heat shock protein 70 B2 EKC30019 5.89 1.53 159 Hsp70 protein
heat shock protein 70 B2 EKC21713 2.61 0.49 102 Hsp70 protein
heat shock protein beta-1 EKC27576 2.48 0.41 281 Hsp20/alpha crystallin family
heat shock 70 kDa protein 12A EKC23126 0.51 0.20 5
alpha-crystallin B chain EKC27067 2.00 0.02 6 Hsp20/alpha crystallin family
hypothetical protein
CGI_10004063

EKC36540 2.15 1.09 76 heat shock protein 9/12

Enzyme and Metabolism
tyramine beta-hydroxylase EKC38551 2.60 0.96 5 copper type II ascorbate-dependent monooxygenase, N-terminal domain
S-adenosylmethionine synthetase
isoform type-2

EKC34165 1.88 0.18 34 S-adenosylmethionine synthetase, N-terminal domain

xanthine dehydrogenase/oxidase EKC27500 0.55 0.14 3 FAD binding domain in molybdopterin dehydrogenase; aldehyde oxidase
and xanthine dehydrogenase, a/b hammerhead domain

S-adenosylmethionine synthetase
isoform type-1

EKC34163 1.52 0.17 64 S-adenosylmethionine synthetase, N-terminal domain

S-adenosylmethionine synthetase
isoform type-1

EKC20435 1.43 0.22 31 S-adenosylmethionine synthetase, N-terminal domain

betaine-homocysteine S-
methyltransferase

EKC24976 1.65 0.14 10 homocysteine S-methyltransferase

Poly [ADP-ribose] polymerase 1 EKC34863 0.73 0.20 12 poly(ADP-ribose) polymerase and DNA-Ligase Zn-finger region; poly
(ADP-ribose) polymerase catalytic domain

liver carboxylesterase 4 EKC36594 0.69 0.12 7 carboxylesterase family
sulfotransferase 1A1, partial EKC23587 1.79 0.19 3 sulfotransferase domain
estrogen sulfotransferase EKC25638 1.57 0.26 13 sulfotransferase domain
lactoylglutathione lyase EKC29441 1.36 0.30 15 glyoxalase/bleomycin resistance protein/dioxygenase superfamily
fatty acyl-CoA hydrolase precursor,
medium chain

EKC30807 1.70 0.25 7 carboxylesterase family

ribose-phosphate
pyrophosphokinase 3,
mitochondrial

EKC29408 1.33 0.39 13 N-terminal domain of ribose phosphate pyrophosphokinase;
phosphoribosyl transferase domain

natterin-1 EKC17431 0.80 0.43 45 protein of unknown function (DUF3421)
apolipoprotein D EKC24158 0.63 0.24 9 lipocalin-like domain
hypothetical protein
CGI_10000662

EKC32177 2.63 1.52 2 NAD:arginine ADP-ribosyltransferase

Innate Immunity
beta-1,3-glucan-binding protein EKC20362 1.66 0.45 17
cystatin-B EKC27128 1.77 1.00 183 cystatin domain
CD82 antigen EKC39255 1.74 0.41 9 tetraspanin family
metalloproteinase inhibitor 3 EKC34907 1.75 0.56 29 tissue inhibitor of metalloproteinase
serine protease inhibitor
dipetalogastin

EKC37817 2.67 2.26 7 kazal-type serine protease inhibitor domain

Cytoskeletal Organization
transforming acidic coiled-coil-
containing protein 1

EKC27162 2.15 0.36 8 transforming acidic coiled-coil-containing protein

tubulin-specific chaperone D EKC31146 0.61 0.03 2 tubulin folding cofactor D C terminal
Ca2+ Binding Protein
calmodulin EKC24247 1.75 0.48 23 EF-hand domain
EF-hand calcium-binding domain-
containing protein 6

EKC37810 2.10 0.64 13 EF-hand domain

hypothetical protein
CGI_10002317

EKC22425 1.51 0.59 6 EF-hand, calcium binding motif
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gigas, its expression was up-regulated by the heat shock and
hyposalinity treatments but down-regulated by the aerial
exposure treatment, reflecting the versatility of this protein in
response to different stressors, but its possible role of
antiapoptosis in the oyster needs confirmation.

GOEAST analysis detected 1, 4, and 12 enriched GO terms
in the hyposalinity, heat shock, and aerial exposure treatment,
respectively (Table 4). Specifically, only intracellular signal
transduction (GO:0035556) was enriched in the hyposalinity
treatment. Four functional categories [response to stress

Table 1. continued

protein description

protein
accession
number mean SD

no. of
peptides
matched Pfam

Signaling Pathway
dual specificity mitogen-activated
protein kinase kinase 5

EKC41485 0.66 0.21 8 RNA recognition motif; protein kinase domain

Other or Unknown Protein
UBX domain-containing protein 4 EKC38919 1.56 0.25 14 zinc-finger double domain
hypothetical protein
CGI_10006238

EKC20363 1.51 0.35 12 lipoprotein N-terminal domain; domain of unknown function (DUF1943);
von Willebrand factor (vWF) type D domain

Williams-Beuren syndrome
chromosomal region 27 protein

EKC31167 1.45 0.21 10 methyltransferase domain

hypothetical protein
CGI_10018187

EKC36599 1.41 0.37 18

uncharacterized protein C7orf63 EKC28743 0.73 0.21 6
hypothetical protein
CGI_10018147

EKC39729 0.68 0.21 6 B41 domain

hypothetical protein
CGI_10025411

EKC27421 0.62 0.09 5 YHYH protein

protein lethal(2)essential for life EKC40045 1.97 0.14 26 Hsp20/alpha crystallin family
hypothetical protein
CGI_10019192

EKC41324 1.59 0.26 13

proline-rich transmembrane
protein 1

EKC23568 2.04 0.41 3 interferon-induced transmembrane protein

hypothetical protein
CGI_10026433

EKC41815 1.82 0.70 19 ependymin

Table 2. Differentially Expressed Proteins in Response to Hyposalinity

protein description
protein

accession no. mean SD
no. of peptides

matched Pfam

Enzyme and Metabolism
3-demethylubiquinone-9
3-methyltransferase

EKC32717 2.55 0.62 13 methyltransferase domain

aminoacylase-1 EKC40392 0.65 0.09 3 peptidase family M20/M25/M4
renalase EKC21368 0.70 0.22 8 NAD(P)-binding Rossmann-like domain
xanthine dehydrogenase/
oxidase

EKC27500 0.65 0.12 3 FAD binding domain in molybdopterin dehydrogenase; aldehyde oxidase and
xanthine dehydrogenase, a/b hammerhead domain

omega-crystallin EKC40622 0.64 0.37 8 aldehyde dehydrogenase family
Cytoskeletal Organization
doublecortin domain-
containing protein 5

EKC26279 1.28 0.45 3 ricin-type beta-trefoil lectin domain

Excellular Protein
anosmin-1 EKC27374 0.56 0.01 3 SEA domain; WAP-type (whey acidic protein) ‘four-disulfide core’
collagen alpha-2(VIII) chain EKC36664 2.81 1.58 5 C1q domain
Signaling Pathway
neurogenic locus notch-like
protein

EKC34843 1.42 0.37 6 EGF-like domain; MAM domain

Innate Immunity
hypothetical protein
CGI_10011252

EKC39754 0.72 0.51 2 tumor necrosis factor receptor (TNFR) domain

hypothetical protein
CGI_10018363

EKC35710 0.61 0.04 19 C-type lectin

Other or Unknown Protein
hypothetical protein
CGI_10005753

EKC42379 1.75 1.07 9

hypothetical protein
CGI_10008416

EKC33545 0.54 0.29 16 claudin_2

hypothetical protein
CGI_10026433

EKC41815 1.74 0.86 8 ependymin

60S ribosomal protein L15 EKC39905 1.45 0.21 33
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(GO:0006950), response to stimulus (GO:0050896), trans-
ferase activity (GO:0016740), and response to biotic stimulus
(GO:0009607)] were enriched in the heat shock treatment.
The 12 enriched GO terms in the aerial exposure treatment
covered many biological components and functions, but among
them, the most notable are ion binding (GO:0043167),
transporter activity (GO:0005215), transport (GO:0006810),
DNA binding (GO:0003677), and extracellular region
(GO:0005576). These results also support that different
stressors can trigger distinct proteomic responses. The possible
roles of these DEPs in stress responses are analyzed as follows.

Heat Shock

The heat shock treatment elicited the largest number of DEPs,
including 39 up-regulated and 11 down-regulated proteins
(Table 1). These DEPs have been known to modulate many
biological processes including protein folding (molecular
chaperones or HSP family), enzyme and metabolism, immune
response, cytoskeletal organization, Ca2+ binding, signaling, and
other functions. Notably, many of the heat-shock-induced
proteins [e.g., stress-induced protein 1 (SIP1), HSP70, HSP-β,
and S-adenosylmethionine synthetase (MAT)] had several
paralogs, which highlighted the large repertoire of proteins

Table 3. Differentially Expressed Proteins in Response to Aerial Exposure

protein description

protein
accession

no. mean SD

no. of
peptides
matched Pfam

Ion Channl/Binding Protein
calmodulin EKC24247 0.78 0.26 23 EF-hand domain
calmodulin EKC20234 0.74 0.45 91 EF-hand domain
calmodulin EKC24243 0.73 0.38 105 EF-hand domain
sodium- and chloride-dependent
GABA transporter ine

EKC20246 0.53 0.33 22 dienelactone hydrolase family; sodium:neurotransmitter symporter family

sodium/calcium exchanger 3 EKC29251 1.70 0.28 4 sodium/calcium exchanger protein;Calx-beta domain
zinc transporter 8 EKC35076 0.62 0.03 5 ation efflux family
EF-hand calcium-binding domain-
containing protein 6

EKC37810 0.69 0.37 13 EF-hand domain

Enzyme and Metabolism
xanthine dehydrogenase/oxidase EKC27500 0.83 0.57 3 FAD binding domain in molybdopterin dehydrogenase; aldehyde oxidase

and xanthine dehydrogenase, a/b hammerhead domain
3-demethylubiquinone-9
3-methyltransferase

EKC32717 2.36 0.78 13 methyltransferase domain

laccase-18 EKC20149 0.76 0.31 6 multicopper oxidase
natterin-3 EKC36293 2.68 1.96 96 protein of unknown function (DUF3421)
hypothetical protein CGI_10018739 EKC30060 0.61 0.24 5 kynurenine formamidase
Growth and Reproduction
signal peptide, CUB and EGF-like
domain-containing protein 3

EKC30186 0.59 0.07 54 GCC2 and GCC3

vitellogenin, partial EKC30050 0.79 0.41 4 lipoprotein amino terminal region
Innate Immunity
beta-1,3-glucan-binding protein EKC20362 0.84 0.53 17
DNA Duplication and Protein Synthesis
core histone macro-H2A.1 EKC23242 0.80 0.24 21 core histone H2A/H2B/H3/H4; macro domain
histone H1.2 EKC36128 0.54 0.13 5 linker histone H1 and H5 family
60S ribosomal protein L21 EKC17829 0.61 0.03 2 ribosomal protein L21e
Antioxidation
selenoprotein H EKC30285 0.59 0.05 2 Rdx family
Lipid Metabolism
apolipoprotein D EKC24158 0.70 0.40 9 lipocalin-like domain
Other or Unknown Protein
crumbs-like protein 2 EKC39756 0.77 0.25 12 EGF-like domain; GCC2 and GCC3
heat shock 70 kDa protein 12B EKC40489 1.32 0.45 22 Hsp70 protein
hypothetical protein CGI_10006238 EKC20363 0.79 0.43 12 lipoprotein N-terminal domain; von Willebrand factor (vWF) type D

domain
hypothetical protein CGI_10011416 EKC18705 0.77 0.44 6
hypothetical protein CGI_10014468 EKC32050 0.80 0.51 9 von Willebrand factor (vWF) type D domain
hypothetical protein CGI_10014616 EKC18177 0.55 0.45 25 DM9
hypothetical protein CGI_10021716 EKC34734 2.93 0.43 4
hypothetical protein CGI_10026431 EKC41813 0.63 0.43 55 ependymin
hypothetical protein CGI_10026433 EKC41815 0.82 0.38 19 ependymin
hypothetical protein CGI_10026436 EKC41818 0.71 0.29 21 ependymin
pregnancy zone protein EKC20077 1.54 0.65 6 alpha-2-macroglobulin family; alpha-macro-globulin thiol-ester bond-

forming region
proline-rich transmembrane protein 1 EKC23568 1.70 0.06 3 interferon-induced transmembrane protein
transmembrane protein 2 EKC23142 1.61 0.47 11 HSF-type DNA-binding; homeobox domain
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available for use to cope with thermal stress in C. gigas.

Significantly, our proteomic analysis showed that the

abundance of 11 HSP family members was dramatically

induced after the stress exposure, including SIP1, HSP beta-1,

HSP68, HSP70 B2, alpha-crystallin B, and HSP9/12, providing

the first evidence that many of these molecular chaperons are

active, strongly corroborating their crucial role in increasing

thermal tolerance through stabilizing protein conformation,

Table 4. Distribution of Enriched Protein Pathwaysa

category term (GO number) count P value

Thermal Stress
BP response to stress (GO:0006950) 5 0.0020
BP response to stimulus (GO:0050896) 6 0.0497
MF transferase activity (GO:0016740) 11 0.0020
BP response to biotic stimulus (GO:0009607) 1 0.0418

Hyposalinity
BP intracellular signal transduction (GO:0035556) 1 0.0126

Aerial Exposure
MF transporter activity (GO:0005215) 6 0.0006
BP transport (GO:0006810) 6 0.0219
BP localization (GO:0051179) 6 0.0219
BP establishment of localization(GO:0051234) 6 0.0219
BP response to biotic stimulus(GO:0009607) 1 0.0285
MF DNA binding (GO:0003677) 3 0.0198
CC extracellular region (GO:0005576) 1 0.0062
CC chromosome (GO:0005694) 2 0.0121
MF calcium ion binding (GO:0005509) 5 0.0011
MF ion binding (GO:0043167) 7 0.0011
MF cation binding (GO:0043169) 7 0.0011
MF metal ion binding (GO:0046872) 4 0.0011

aOnly the terms with a corrected P value <0.05 were considered to be enriched. Abbreviation: BP, biological process; CC, cellular component; and
MF, molecular function.

Figure 2. Involvement of the methionine cycle in oyster stress response. There are four metabolites (homocysteine, methionine, SAM, and SAH) in
the methionine cycle. The enzymes involved in this cycle are significantly regulated upon exposure to the three stressors, with the fold change of
these enzymes indicated by a color. Four colors (green, yellow, red, and purple) represent different fold change (<1.2, 1.2−1.5, 1.5−2.0, >2.0),
respectively. SAM, S-adenosyl-L-methionine; SAH, S-adenosylhomocysteine; ATP, adenosine triphosphate; PPi, inorganic pyrophosphate; Pi,
inorganic phosphate; T, thermal stress; S, hyposalinity; A, aerial exposure.
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preventing unwanted protein aggregation and aiding trans-
porting proteins across membranes.46 Also, previous studies
have shown that the thermal limits of oysters were correlated
with the expression level of HSP family members, especially
HSP70.3,47 Strikingly, three paralogs of SIP1 containing the
typical HSP20 domain had the highest fold increase (9.5- to 19-
fold). To our knowledge, this is the first report of high
expression of SIP 1s upon heat shock in oysters. Although the
exact role of SIPs is still unknown, there is evidence that
proteins with the HSP20 domain can stabilize cytoskeleton and
protect against oxidative stress,48 providing a promising
candidate for further investigation. Although many HSPs can
prevent protein denature by thermal stress, their accumulation
has been reported to inflict energetic cost through depleting
adenylate energy charge and mantle glycogen store in the
spawning oysters, thus compromising their physiological and
immune health.49 To limit the potentially deleterious effect of
HSPs, an HSP suppressor, BAG family molecular chaperone
regulator 4 (BAG4),57 increased by 6.67-fold in the heat shock
treatment, strongly suggesting concerted regulation in main-
taining cellular hemostasis in vivo.50

Alternation of metabolism is tightly associated with
physiological adaptation. Among the DEPs responsive to the
heat shock were 16 enzymes implicated in amino acid and lipid
metabolism or other catalytic activities. Interestingly, four
essential enzymes involved in the methionine cycle, including a
betaine-homocysteine S-methyltransferase (BHMT,
EC:2.1.1.5) and three isoforms of S-adenosylmethionine
synthetase (also known as methionine adenosyltransferase
MAT, EC2.5.1.6), were up-regulated by 1.43- to 1.88-fold
(Figure 2). In the methionine cycle, BHMT catalyzes the
conversion of homocysteine to methionine using betaine as the
methyl donor.51 In addition to its role in protein synthesis,
methionine can aid the synthesis of S-adenosylmethionine
(SAM) by joining ATP. As the predominant methyl donor in
vivo, there is evidence that SAM may increase thermal tolerance
via a variety of possible mechanisms, including (1) repairing the
lipid membranes through synthesizing phospholipids, the major
component of all cell membranes;49 (2) epigenetic regulating
stress-responsive gene expression through DNA and histone
methylation;52 (3) regulating the function of HSPs by
methylation;53 and (4) increasing reduced/oxidized glutathione
ratio and potentiating superoxide dismutase activity.54 Mean-
while, lipid metabolism might also be involved in the heat
shock response, as indicated by the differential expression of
two lipid metabolism related proteins, fatty acyl-CoA hydrolase
(ACH) precursor, and apolipoprotein D (APO-D). Acute heat
shock can damage lipid membranes by either changing the
physical state of membranes or causing oxidative stress.55,56

ACH can catalyze palmitate biosynthesis that is a typical fatty
acid of lipid membrane. Therefore, increased expression of
ACH might contribute to repairing lipid membrane that were
the damaged by heat shock. However, APO-D, which is
responsible for transporting lipids and other small hydrophobic
molecules for metabolism,57 was down-regulated by the heat
shock, but the exact role of this protein in the heat response is
still unknown.
In marine mussels Mytilus spp., acute temperature stress

could induce DNA damage and apoptosis in the hemocytes.56

Correspondingly, our results showed that several enzymes
implicated in these processes altered their abundance in
response to the heat shock in the oyster gills. For example,
lactoylglutathione lyase (EC 4.4.1.5, LGL, also known as

glyoxalase I) is responsible for detoxifying methylglyoxal that
could induce apoptosis.58 Thus, up-regulation of LGL could
help to prevent the potential damage and cellular toxicity
caused by methylglyoxal. Ribose-phosphate pyrophosphokinase
(EC 2.7.6.1., PRS) can convert ribose 5-phosphate into
phosphoribosyl pyrophosphate (PRPP), which is a key
component in numerous biosynthesis pathways, including de
novo synthesis of purines and pyrimidines, conversion of
nucleotide cytidine triphosphate (CTP), adenosine triphos-
phate (ATP), or guanosine triphosphate (GTP).59 Obviously,
an increase in PRPP synthesis might contribute to the
reparation of heat shock caused DNA damage. Meanwhile,
PRPP has also been demonstrated to be an intermediate
chemical in the synthesis of nicotinamide adenine dinucleotide
(NAD).60 In addition, NAD can be converted into
nicotinamide, a process catalyzed by the enzyme arginine
ADP-ribosyltransferase (EC 2.4.2.31, ART1).61 The expression
of this enzyme increased by 2.63-fold after the heat shock in
our study. In mammalian cells, nicotinamide is capable of
preventing oxidative stress-induced apoptosis through decreas-
ing constitutive activity of NF-kappaB and increasing intra-
cellular levels of GAPDH.62 Meanwhile, the abundance of
poly(ADP-ribose) polymerase (PARP) decreased by 0.73-fold.
Because previous studies have revealed the dual roles of PARP
in repairing DNA and inducing programmed cell death,63

down-regulation of PARP might reflect the demand to balance
between DNA reparation and apoptosis.
A number of immune-related proteins including beta-1,3-

glucan-binding protein (β-GBP), CD82 antigen, cystatin-B
(CSTB), metalloproteinase inhibitor 3 (TIMP-3), and serine
protease inhibitor dipetalogastin (Dip) were significantly up-
regulated, suggesting that heat shock could trigger a rapid and
intense inflammatory response in the oyster. Previous studies
have demonstrated that high temperature could impair
immunity due to the reduced ability of phagocytosis to kill
bacteria, consequently increasing the susceptibility to oppor-
tunistic infection.64 Meanwhile, bacterial pathogens secrete
proteases to injure the host cells during infection; therefore,
protease inhibitors including CSTB and TIMP-3 can prevent
pathogen attack and increase resistance against pathogens in
oysters.65 Taken together, up-regulation of immune regulatory
proteins and proteinase inhibitors could compensate the
reduced level of innate immunity caused by heat shock in the
oyster.
In addition, heat stress affects the abundance of proteins that

are involved in Ca2+ binding, cytoskeletal organization,
signaling pathway, and other functions, displaying that thermal
stress has caused complex effects on various physiological
activities. For example, among the DEPs are three Ca2+ binding
proteins [one calmodulin (CaM) and two EF-hand calcium-
binding domain-containing proteins (CaBP)]. These proteins
have been reported to control Ca2+-triggered signaling via
regulating the intracellular Ca2+ concentration,66 which
indicated that Ca2+-triggered signaling might have been
involved in the oyster’s thermal response.

Hyposalinity

Among the three tested stressors, hyposalinity elicited the
smallest number of DEPs (Table 2), possibly due to the
oyster’s strong euryhaline adaptation.22 Nevertheless, our
results showed that hyposalinity affected proteins mainly
involved in enzyme and metabolism, cytoskeleton, extracellular
matrix, signaling pathway, innate immunity, and other unknown
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functions. Several enzymes were up-regulated [3-demethylubi-
quinone-9 3-methyltransferase (UbiG)] or down-regulated
[XOR (discussed already), aminoacylase-1 (ACY-1), renalase,
and omega-Crystallin]. Interestingly, UbiG (EC 2.1.1.64),
which can convert demethylubiquinone into ubiquinone using
SAM as a methyl donor, was greatly up-regulated by the
hyposalinity (2.55 fold) and aerial exposure (2.36 fold) but not
by heat shock (Figure. 2). Ubiquinone is an essential
compound of the electron transport chain (ETC) to generate
energy and can also act as an antioxidant to inhibit both the
initiation and propagation of lipid and protein oxidation.67

Meanwhile, a recent study also showed that ubiquinone
biosynthesis was markedly activated upon hyposalinity
challenge in bacteria, and consequently accumulation of
ubiquinone could enhance mechanical membrane stabilization
to withstand osmotic stress.68 This evidence indicates that
ubiquinone may play a crucial role in osmotic protection in the
Pacific oyster, although ubiquinone has not been reported to
function in osmotic regulation in any marine invertebrate or
vertebrate. This hypothesis can be tested by measuring the
metabolome. ACY1 (EC 3.5.14), another hyposalinity
responsive DEP, participates in intracellular protein catabolism
in mammals through hydrolyzing N-acetyl amino acids (NAAs)
into free amino acids, and NAAs can modify N-acetylation of
proteins to protect cells from proteolysis.69 Therefore, down-
regulation of ACY1 may favor the accumulation of NAAs and
consequently enhance the resistance of proteins to osmotic
stress-induced degradation in the Pacific oyster.
Osmotic stress responses are a series of coordinated

physiological functions involving hormonal signaling. Catechol-
amine (CA) is one of the hormones to modulate the proximal
tubular sodium transport in the mammalian kidney.70 In
oysters, hyposalinity was reported to elicit a significant increase
in the expression of two circulating CAs, noradrenaline (NA)
and dopamine (DA), whose concentrations peaked at 12 h and
lasted up to 72 h of poststress.71 In contrast, our results showed
that hyposalinity could reduce the expression of renalase, which
is a secreted amine oxidase to metabolize circulating CAs,70

indicating that the oyster could reduce the degradation rate of
CAs to enhance osmotic stress tolerance.
Adjustments of cell volume require cytoskeletal rearrange-

ment and membrane modification, which is pivotal for osmotic
regulation.72 The double cortin domain-containing protein 5
(DCDC5) has been reported to facilitate tubulin binding and
enhance microtubule polymerization.73 Moreover, a knock-
down of DCDC5 in the HeLa cells also revealed its important
role in mediating dynein-dependent transport of vesicles.74 In
the Pacific oyster, we detected the up-regulation of DCDC5
after hyposalinity exposure, suggesting that this protein may be
involved in osmic regulation through cytoskeletal adjustment
and vesicles transport. Moreover, hyposalinity also has
profound effects on growth and immunity. For example,
among our hyposalinity responsive DEPs are two extracellular
matrix proteins, collagen alpha-2(VIII) chain and anosmin-1.
Collagen could deposit on cell surface and disturb tissue growth
and repair,75 while anosmin-1 could enhance FGF activity by
promoting FGF8-FGFR1 complex formation.76 A previous
study showed that reduced salinity (∼15‰) could significantly
delay the growth of oyster larvae,77 and thus either up-
regulation of collagen alpha-2(VIII) or down-regulation of
anosmin-1 might indicate that hyposalinity caused growth
arrest in adult oysters. Hyposalinity might also impair immune
responses, as shown by the down-regulation of tumor necrosis

factor receptor (TNFR, hypothetical protein CGI_10011252)
and C-type lectin (hypothetical protein CGI_10018363) in the
gills, both of which have been reported to be involved in the
immune responses in oysters.78

Aerial Exposure

Exposure to air can be considered as an extreme osmotic stress
due to the complete lack of ions and water in the extracellular
environment;4 therefore, oysters are required to regulate
intercellular concentration of ions and other osmolytes.16

Although a previous study found that the concentrations of
various intracellular ions (i.e., Ca2+ and Na+) would drop when
external ion concentrations decrease in oysters, the mechanisms
remains unclear.79 Interestingly, our results showed that several
ion channels and transporters, the direct executors of osmotic
homeostasis, were altered under aerial exposure, including up-
regulation in sodium/calcium exchanger 3 (NCX3) and down-
regulation of sodium- and chloride-dependent GABA trans-
porter (GAT) and zinc transporter 8 (ZnT8) (Table 3). GAT
can transport two sodium ions together with GABA from the
cell, and ZnT8 is responsible for the high level of zinc
accumulation in the cell.80 Thus, aerial exposure may decrease
intracellular ion concentration via down-regulation of the two
transporters. Meanwhile, NCX3, a cation membrane channel
protein, can pump Ca2+ out of the cell and reduce the
concentration of cellular Ca2+.81 Thus, up-regulation of NCX3
also favored the decrease in intercellular Ca2+ concentration for
oysters exposed to air. Moreover, four Ca2+-binding proteins
including three paralogs of CaM and one CaBP6 all decreased
in expression upon aerial exposure, strongly indicating that
desiccation stress not only resulted in a decrease in intercellular
Ca2+ concentration but also limited Ca2+ signaling-related
physiological activities. Considering that the intracellular Ca2+

concentration is tightly coupled to many cell activities such as
proliferation, development, contraction, secretion, and so on,66

decreasing Ca2+ and Ca2+-related binding protein concen-
trations would likely reduce many physiological activities and
direct the limited resources to vital functions, such as synthesis
of ubiquinone.
Our proteomic data also showed that many physiological

activities were extensively suppressed because the expression
levels of many proteins implicated in metabolism, immune
response, DNA duplication and protein synthesis, growth, and
antioxidation were all down-regulated (Table 3). All metabo-
lism-related proteins such as XOR, APO-D, and kynurenine
formamidase (KFase, EC 3.5.1.9, hypothetical protein
CGI_10018739, involvement in the aerobic degradation of
tryptophan or kynurenine pathway82) were down-regulated
under aerial exposure except for up-regulation of UbiG,
highlighting that aerial exposure could activate the ubiquinone
defense pathway similar to hyposalinity and reduce the ROS
generation and metabolism of lipid and amino acids as well.
Aerial exposure might also affect the growth, as shown by the
down-regulation of signal peptide CUB-EGF-like domain-
containing protein 3 (SCUBE3). SCUBE3 is an endogenous
ligand that activates the TGF-β receptor signaling. It also acts as
a FGF coreceptor to augment FGF8 signaling, which modulates
cell growth and differentiation in mammals.83 Moreover, two
immune defense-related proteins, β-GBP and laccase-18, were
down-regulated under the aerial exposure. β-GBP is an
important PRR in oyster innate immunity as previously
mentioned, and laccase constituted innate antibacterial immune
response against pathogen infection in oysters, revealing that
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aerial exposure compromises the innate immune defense.84 In
addition, aerial exposure also suppressed DNA duplication and
protein synthesis because three proteins including histone 1.2,
core histone macro-H2A.1, and 60S ribosomal protein L21
were all down-regulated during aerial exposure. Taken together,
our data indicated that aerial exposure resulted in extensive
reduced physiological activities, reflecting energy conservation
and redistribution of available resources to fuel stress responses.

Validation and Correlation of Protein Expression by
Western Blotting

To validate the protein abundance quantified by iTRAQ, we
determined the expression level of three candidate DEPs,
including HSP90, Cystatin B, and Calmodulin, by Western
blotting with actin as the reference. Obviously, the bands of
HSP90 and Cystatin B had a greater intensity upon thermal
stress than that of control, and Calmodulin was significantly
decreased after aerial exposure (Figure 3A). Correlation
analysis showed high consistency between the iTRAQ data
and Western blotting data (P < 0.0001, Figure 3B). Although it
has been reported that the fold change determined by iTRAQ
may be underestimated compared with other methods such as
the blue native gel or label-free method,85 our Western blotting
results were highly consistent with the iTRAQ results,
demonstrating the high reproducibility of our proteomics
workflow.

■ CONCLUDING REMARKS

This is the first application of high-throughput LC−MS/MS to
compare the proteomic responses of the C. gigas gills to three
common physical stressors, demonstrating the great utility of
our workflow in determining the molecular basis of adaptation
to environment stresses and climate change. Our results have
not only confirmed the functions of several proteins or genes
identified previously using the individual gene or tran-
scriptomics approaches but also revealed some novel important
physiological adaptations. Reduction of XOR level appears to
be a common response of the gills to the three stressors. The
oyster gills can employ different defense mechanisms to cope
with different stressors. Specifically, enhancing SAM production
and HSP synthesis can contribute to promoting thermal
tolerance; increasing ubiquinone synthesis plays a dual role in
withstanding osmotic and desiccation stresses; whereas
suppressing many physiological activities and decreasing
intercellular ion concentration can be the most important
mechanism to cope with aerial exposure in the Pacific oyster.
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