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Abstract 
Marine bivalves have a set of unique capabilities to adapt to the complicated conditions owing to 

their habitats, living habits and feeding ways. Meanwhile, marine bivalves can be the biosensors to 
monitor the quality of the intertidal zones or other habitats. It is interesting for every biologist to find out 
the mechanisms by which organisms adapt to environmental challenges and the factors limiting their 
adaptive capacities. The development of biotechnology over the past few decades has provided 
biologists with a vast repertoire of biosensors that allow testing mRNA expression in response to 
environmental factors. This minireview is focused on the transcriptomic responses to abiotic and biotic 
stressors in bivalves and the relative methods to provide new perspectives as well as improve 
applications for bivalve biomonitoring studies. 
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Introduction 

 
Marine bivalves are an important component of 

the ecosystem and biodiversity (Dame, 2011), which 
have abundant species distributed worldwide from 
the intertidal zones to hydrothermal vents and cold 
seeps (Bettencourt et al., 2010; Boutet et al., 2011; 
Egas et al., 2012). Bivalve cultivation is one of the 
most important aquaculture industries globally 
(Forrest et al., 2009; Pawiro 2010). Furthermore, 
marine bivalves possess the unique adaptation to 
problematic surroundings. In light of the important 
status of marine bivalves in ecosystem and economy 
and their high adaptations, they are the valuable 
organisms to be investigated about their molecular 
mechanism responding to the variable environment. 
It is also meaningful to find relative gene expression 
index in marine bivalves to be the monitoring 
standard of the surroundings. Owing to no model 
organism in marine bivalves and the repetitive 
organization of the non-coding fraction in their 
genome, as well as their size, the development of 
the genome and transcriptome of them make a slow 
progress. Thanks to the technical advance, marine 
bivalves have acquired growing concerns and their 
genomic databases have enriched increasingly, 
such as MytiBase (http://mussel.cribi.unipd.it) for 
Mytilus galloprovincialis and DeepSeaVent 
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(http://transcriptomics.biocant.pt:8080/deepSeaVent) 
for Bathymodiolus azoricus. 

Marine bivalves commonly inhabit variable and 
unstable conditions and most are the crisscross 
between anthropic zone and the nature. Complex 
ecological habitats bring about all kinds of stresses 
in the lives of bivalves and determine their 
distributions and abundance. These stresses are 
mostly from some reasons as follows. 

Firstly, intertidal zone that is one of the most 
important habitats for bivalves experiences large 
and sometimes rapid fluctuations caused by tidal 
fluctuations, rain and freshwater run-off 
(Shumway, 1977). Owing to this, intertidal bivalves 
are mostly exposed to multiple stressors including 
periodic hypoxia, hyposaline, temperature 
fluctuations and pollution (Ivanina et al., 2012). 
Meanwhile, in the recent past, anthropogenic 
inputs of contaminants, and combustion of fossil 
fuels and deposition of metals make the condition 
further complicated (Doney, 2010). Furthermore, 
some important cultured bivalve species, such as 
Pacific oyster and blue mussel, are subject to the 
“summer mortality” (Tremblay et al., 1998a; 
Tremblay et al., 1998b; Xiao et al., 2005; Samain et 
al., 2007; Lynch et al., 2012). Summer mortality 
has been reported to occur during the summer 
months in several countries (Myrand and 
Gaudreault, 1995; Cotter et al., 2010; Fleury and 
Huvet, 2012). This phenomenon is multifactorial, 
resulting from a complex interaction between 
organisms, environment and pathogens (Samain et 
al., 2008). 
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Secondly, climate changes will affect 
temperature extremes and averages, and 
hyposaline conditions in coastal areas due to 
extreme precipitation events and oceanic pH 
(Tomanek, 2012). Meanwhile, the changes of the 
environment can affect the distribution and 
abundance of the native species (Johnson et al., 
2011), even lead to change the competitive 
interactions between invasive and native species 
(Lockwood et al., 2010; Lockwood et al., 2011). 

Lastly, it puts down to their living habits and 
feeding ways of themselves. Most bivalves are filter-
feeding and their mobility is not great. They cannot 
escape the stresses by moving away quickly and 
have to adjust to the changing surroundings other 
than swimming organisms. It is more valuable to 
decipher the mechanisms of their unique capacities 
to adjust to the variable environment. 

There are kinds of reasons to induce the 
responses of the marine bivalves, and the factors 
involved in the stresses have multiple modes of 
interaction. Responses to the environmental 
stresses on the transcriptomic level are complicated 
and hard to explain by single gene or pathway. 
Actually, even against the single stress, there are a 
lot of genes participated and the complex networks 
between genes and pathways. Here we provide an 
overview about the transcriptomic responses to 
abiotic and biotic stressors in marine bivalves and 
the development of the relative technological 
methods to provide promising perspectives for a 
better comprehension of the mechanisms. 

 
Abiotic stress responses 
 
Temperature 

Temperature has been shown to be one of the 
most important determinants of survival, growth and 
reproduction (Helmuth et al., 2006; Menge et al., 
2008). Understanding the underlying mechanisms 
by temperature driving organismal responses and 
physiological performance is becoming increasingly 
imperative as climate change alters habitat 
temperature (Somero, 2010). Meanwhile, sessile 
inhabitants of marine intertidal environments 
commonly face heat stress which is an important 
incentive in “summer mortality” (Tremblay et al., 
1998a; Soletchnik et al., 2005). 

The largest changes in gene expression in 
response to heat-stress were among genes that 
encoded the molecular chaperone heat shock 
protein 70 (Hsp70) and his family (Lang et al., 2009; 
Lockwood et al., 2010; Chapman et al., 2011). The 
increased expression of molecular chaperones is a 
primary component of the cellular stress response 
and a key indicator of environment stress 
(Lockwood et al., 2010). Hsps, especially Hsp70 
and Hsp90, can protect cells and organisms from 
thermal damages (Zhao and Jones, 2012) and are 
well known as molecular chaperones that help in the 
refolding of misfolded proteins and assist in their 
elimination if they become irreversibly damaged 
(Zhao and Jones, 2012). Peroxinectin is up-
regulated during exposure to elevated temperature, 
which is reported in oysters (Lang et al., 2009; 
Chapman et al., 2011). Peroxinectin may perform 
adhesive and defensive functions (Lang et al., 

2009), owing to higher temperature negatively 
impacting resistance to bacteria (Chapman et al., 
2011). Transcriptomic responses to heat stress are, 
in part, characterized by the up-regulation at 32 

oC 
of genes involved in proteolysis, which was specific 
to ubiquitin-mediated proteolysis in Mytilus trossulus 
(Lockwood et al., 2010). Proteolysis is the directed 
degradation of proteins and in the context of 
environmental stress serves to degrade and remove 
permanently denatured proteins, an indicator of 
severe cellular stress (Dahlhoff, 2004; Kültz, 2005). 
Heat shock can also affect the genes related to 
growth and reproduction. The relative genes such 
as suppressor of cytokine signaling-2, collagen, 
were up-regulated during heat stress (Lang et al., 
2009). 
 
Salinity 

In intertidal zones, the salinity of seawater can 
strongly vary from nearly fresh water to highly saline 
(Meng et al., 2013). Some bivalves, such as the 
Pacific oysters, are able to survive in a range of 
salinity from 10‰ to 35‰ (Pauley et al., 1988). For 
mussels, the salinity may determine the outcome of 
competition between native and invasive mussels 
(Lockwood et al., 2011). 

During hypo-osmotic shock, all reported 
changes in gene expression mainly focus on 
osmoregulation and osmotic stress signaling 
(Lockwood et al., 2011; Zhao et al., 2012; Meng et 
al., 2013). Osmoregulation influences the up-
regulation of genes encoding ion channel 
(Lockwood et al., 2011; Zhao et al., 2012; Meng et 
al., 2013) and free amino acid (FAA) metabolic key 
enzyme (Meng et al., 2013), as well as the down-
regulation of the ion and amino acid transporter 
genes (Lockwood et al., 2011). Salt stress signal 
transduction pathways including calcium signaling 
cascade and phosphorylation regulation were 
observed to be up-regulated (Zhao et al., 2012; 
Meng et al., 2013). Furthermore, FAA metabolic 
pathways (including those for glycine, alanine, beta-
alanine, arginine, proline, and taurine) were 
activated, altering the osmotic status in the oysters 
(Meng et al., 2013). In the study of mussels, 
ornithine decarboxylase, serving as the key 
regulatory enzyme in polyamine synthesis was 
highlighted, owing to different expression between 
two mussels, which regulated cell growth and cell 
viability and whose disruption can cause cancer or 
apoptosis (Lockwood et al., 2011). Moreover, many 
other types of metabolism, including immune 
responses and apoptosis, were shown to be 
enriched in the KEGG pathway analysis. 

 
Metals and chemicals 

Most species of marine bivalves have a long 
history as sentinel organisms for monitoring the 
status of marine ecosystems (Dondero et al., 2006; 
Hines et al., 2007; Milan et al., 2011; Varotto et al., 
2013). Heavy metals including Cu2+, Cd2+, Hg2+, 
Ni2+, participate in the biological cycles of different 
groups of organisms (Zapata et al., 2009), affecting 
their distribution and abundance (Kudo et al., 1996). 
In previous studies, copper gives rise to the 
differentially expressed genes involved in the 
respiratory chain and stress response, development 
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and differentiation, cytoskeleton in Chilean scallop 
(Zapata et al., 2009). Metallothionein is the most 
well-known antioxidant that protects against metal 
toxicity, and was verified in marine bivalves (Venier 
et al., 2006; Dondero et al., 2011; Varotto et al., 
2013). Moreover, Nickle modulated proliferation, 
growth and apoptosis as the same as copper, and 
highly regulated the genes encoding lipid 
metabolism (Dondero et al., 2011). 

Organic contaminants elicited defensin C and 
the defender against cell death 1 gene (whose 
defective function causes apoptotic death) that were 
under-represented in mussels other than from heavy 
metals (Venier et al., 2006). Similarly, in mussels, 
Chlorpyrifos decreased in acetylcholinesterase 
activity in the gills markedly, and up-regulated the 
chitinase activity, which play a role in digestion and 
participate in the innate immune response (Dondero 
et al., 2011). In addition, studies focused on the 
responses of Mytilus edulis to benzo[α]pyrene found 
that organic substance mostly disrupt the cellular 
redox status (Brown et al., 2006). Notably, gene 
expression levels primarily depend on the functional 
specificity of cells composing different organs and 
tissues (Venier et al., 2006). So that, to different 
tissues, the transcriptional responses to the pollution 
are specific. 

 
Hypoxia 

Oxygen deficiency is a common stressor in 
estuarine and coastal environments. Intertidal 
molluscs are among the animal champions of 
hypoxia tolerance owing to a suite of metabolic 
adaptions that allows them to survive prolonged 
periods without oxygen. They adapt to the 
fluctuation of oxygen by changing energy 
management and resource utilizations. 

In Crassostrea gigas, which exposed to 
hypoxia, an overall transcriptome study indicated 
many genes coding for enzymes involved in 
antioxidant defense and reactive oxygen species 
detoxification for the cellular redox balance except 
for genes related to stress exhibited over-expressed 
(Sussarellu et al., 2010). Meanwhile, some 
literatures were to characterize the some genes in 
bivalves and to define their potential regulation in 
the hypoxic response. Hypoxia-inducible factor-1 
(HF-1), as the key regulator of oxygen homeostasis 
in aerobic organisms under hypoxia, had been 
verified to play a critical role in reactive oxygen 
species (ROS) production of hemocytes in C. gigas 
(Choi et al., 2013). And likewise, AMP-activated 
protein kinase α (AMPKα) was showed to participate 
in the metabolic response during hypoxia in the 
smooth muscle of C. gigas (Guévélou et al., 2013). 
However, Crassostrea virginica has both a better 
tissue aerobic capacity to compensate for reduced 
oxygen availability and a lower sensitivity to hypoxia 
than C. gigas, with a compensatory increase in 
activities of citrate synthase and cytochrome c 
oxidase after 2 weeks of hypoxia (Ivanina et al., 
2011). 
 
Other abiotic stresses 

 
The different conditions of different vertical 

locations in intertidal zone depend on the tides. The 

tidal fluctuations changed many environmental 
factors such as temperature and food availability of 
the surroundings. Researchers caught this natural 
phenomenon and showed that low intertidal mussels 
altered their physiology very little with respect to the 
tide cycle, and mid-intertidal and high intertidal 
mussels reduced the gene expressions involved in 
metabolic processes (Place et al., 2012). Especially, 
in high intertidal zones, pathways associated with 
protein rescue, cellular repair and protein 
degradation and oxidative stress were activated 
(Place et al., 2012). 
 
Biotic stresses 

 
Biotic stress mainly refers to the stress that 

occurs as a result of damage to plants and animals 
by other living organisms such as bacteria, viruses, 
parasites and microalgae. Marine bivalves harbor an 
abundant and diverse microflora on their surface or 
inside their tissues. With evolution, marine bivalves 
have developed effective systems for maintaining 
their homeostasis and for controlling potentially 
harmful and pathogenic microorganisms and 
microalgae. 

The current literature shows that bivalves 
eliminate or limit the development of the 
microorganisms through different innate immune 
response in combination with other cellular 
mechanism, such as the apoptotic pathway by 
transcriptomic analysis (Wang et al., 2010; De 
Lorgeril et al., 2011; Morga et al., 2011; Brulle et al., 
2012; Moreira et al., 2012a; Moreira et al., 2012b). 
In flat oyster (Ostrea edulis), Fas-ligand that was 
involved in the immune response against the 
parasite Bonamia ostreae was observed up-
regulated. Meanwhile, according to the previous 
results, Fas-ligand is also associated in the 
apoptosis pathway with the inhibitors of apoptosis 
proteins (Morga et al., 2011). Furthermore, 
apoptosis as autophagy can be triggered by reactive 
oxygen species (ROS), and up-regulated genes are 
related to respiratory chain and particularly in ROS 
production (Wang et al., 2010; De Lorgeril et al., 
2011). Above all, the apoptosis pathway is the most 
important response to the biotic stresses. In addition 
to the apoptosis pathway, other immune-related 
genes were reported, such as ferritin and lysozyme, 
several immune pathways and processes including 
the toll-like signaling pathway and the complement 
cascade (Wang et al., 2010; De Lorgeril et al., 2011; 
Moreira et al., 2012). 

Except for the immune response to the 
microorganisms, some bivalves exposed to Vibrio 
spp. (Gestal et al., 2007; Brulle et al., 2012; Moreira 
et al., 2012b), parasite including Bonamia (Martín-
Gómez et al., 2012) and Perkinsus marinus (Tanguy 
et al., 2004) were elicited that such cytotoxic 
response led to the rearrangement of the 
cytoskeleton. Cytoskeleton is important in 
phagocytosis, and all phagocytosis processes are 
driven by rearrangement of the actin cytoskeleton 
(May et al., 2001). 

Besides the microorganisms, dinoflagellates 
and other microalgae can produce a wide spectrum 
of toxic molecules. During seasonal harmful algae 
blooms (HABs), many filter-feeding bivalves can 
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accumulate phycotoxins at extremely high levels, 
thus representing a serious threat to human health. 

Until now, a few researches about the 
transcriptome of marine bivalve induced by harmful 
algae have been reported. Manfrin et al., 2010 
studied the molecular mechanism that M. 
galloprovincialis exposed to okadaic acid (OA) 
which is a lipophilic toxin. Its results indicated that 
the effects of OA mostly concentrated in genes 
related to stress response, apoptosis and cell 
structure function (Manfrin et al., 2010). These 
variations were also observed in the study that 
evaluated C. gigas hemocytes responses to purified 
PbTx-2 in vitro (Mello et al., 2012). In both 
researches, there were no genes associated to 
immune or antioxidant, which needs more 
experiments to be tested and verified. 
 
Interactive stresses 

 
Previous researches tended to control a single 

variable to discuss the transcriptomic responses and 
acquire the master genes, because the single 
variable is easier to control under the laboratory 
conditions. However, the natural circumstances 
consist of multifactor and are multivariable other 
than the single variable. In addition, the effect of two 
stresses do not coincide with the effect of the mix 
including the two stresses (Dondero et al., 2011). 
Several studies focused on the transcriptomic 
responses to the environmental stresses owing to 
“summer mortality” (Chaney et al., 2011; Fleury et 
al., 2012) and interactions with environmental 
variables that induced changes in gene expression 
profiles and affected the fitness of organisms 
(Chapman et al., 2009; Chapman et al., 2011; 
Philipp et al., 2012). Beyond that, the hydrothermal 
vent mussel (B. azoricus) itself thrives in a condition 
with the darkness, extreme cold, high pressure and 
rich in methane and sulfides (Egas et al., 2012) 
which is full of multi-stresses. 

Summer mortality causes a serious influence to 
the aquaculture of bivalves, particularly oysters. 
Environmental stress and pathogens are known to 
interact and lead to summer mortality outbreaks. 
Differentially expressed genes associated with 
“immune response” biological process were 
significant up-regulated (Chaney et al., 2011; Fleury 
et al., 2012). Moreover, genes of oysters associated 
with cell death and autopahgy would suggest that at 
least some proportion of genes is symptomatic that 
underwent “summer mortality” (Chaney et al., 2011). 
In addition to abiotic stressors, pathogen is an 
important factor in inducing “summer mortality”. 
Vibrio splendidus is associated with summer 
mortality of juvenile oysters (C. gigas) and make 
juvenile oysters reduce stress-response capacities 
(Lacoste et al., 2001). Similarly, the effects of vibrio 
may impair adult oyster immune defenses and 
cellular and immune functions that characterize the 
oyster capability to survive V. splendidus infections 
(De Lorgeril et al., 2011). Ostreid herpesvirus 1 
(OsHV-1) infections have been reported around the 
world and are associated with high mortalities of C. 
gigas in summer (Segarra et al., 2010; Dégremont 
2011). OsHV-1, same as V. splendidus, induced the 

oysters with significant changes in the expression of 
immune related genes (Renault et al., 2011). 

The interesting studies by Chapman et al. 
(2009, 2011) examined the transcriptomic 
responses of oysters to environmental stresses and 
land-use impacts, providing an extension of an 
earlier assessment of the relative gene expression 
patterns. Response to environmental stressors, 
genes encoding electron transport chain are 
important discriminators for the levels of metals, 
organic pollutants and nutrients. In addition, a suite 
of genes involved in the regulation of cell volume 
and growth, energy metabolism and stresses can 
also be the indicators of the environmental quality 
(Chapman et al., 2009, 2011). 

Through environmental cluster analysis, the 
environmental pH and the temperature were by far 
the leading environmental factors governing gene 
expression patterns with minor contributions of 
salinity and dissolved oxygen (Chapman et al., 
2011). It is noteworthy that there is a strong 
negative correlation, suggesting genes that are up-
regulated by higher temperatures are also up-
regulated by lower pH and vice versa (Chapman et 
al., 2011). 

The hydrothermal vent mussel survival in such 
extreme conditions requires unique anatomical and 
physiological adaptions. It has been reported that 
they rely on unique capabilities to detect and 
respond to micro associated molecular patterns 
such as lipopolysaccharides (LPS), lipoteichoic 
acids, lipoproteins, peptidoglycan (PGN) and (1→3) 
β-D-glucans (Bettencourt et al., 2010). Under 
controlled hyperbaric pressure, genes of B. azoricus 
relative to heavy metal contaminants and oxidative 
stress differentially expressed, and the occurrence 
of glycosylation was changing with the elevanted 
hyperbaric pressure (Bettencourt et al., 2011). 
Furthermore, B. azoricus survives in reducing 
environments rich in methane and sulfides, owing to 
symbiotic association with methylotrophic or 
methanotrophic and thiotrophic bacteria (Egas et al., 
2012). Enzymes involved in sulfur and methane 
oxidation have been found, but the molecular 
pathways underlying sulfur and methane oxidation 
within the hydrothermal vent mussel had no 
sufficient evidence (Egas et al., 2012). At “sea-level” 
condition, B. azoricus can be used a model 
organism to explore more information. The main 
studies focused on the transcriptomic response to 
stress in marine bivalves are summarized in Table 
1. 
 
The transcriptomic approach 
 
Suppression subtractive hybridization (SSH) 

SSH is a PCR-based technique that allows the 
identification of genes that differentially expressed 
between two conditions (Diatchenko et al., 1996). 
Since this technology came to being in 1984 (Lamar 
et al., 1984), it has experienced several 
improvements to be more accurate and easier. Until 
1996, SSH application has been maturation 
(Diatchenko et al., 1996; Diatchenko et al., 1999). 
This application is a powerful tool for the study of 
differential gene expression and the identification of 
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Table 1 Main studies related to transcriptomic response to stress in marine bivalve 
 

Study Stress Bivalve species Strategy 

Tanguy et al., 2004 Perkinsus marinus Crassostrea virginica 
and Crassostrea gigas SSH and real-time PCR on heamocytes 

Brown et al., 2006 benzo[a]pyrene Mytilus edulis 
SSH and macroarray on digestive glands 
of control and experimentally 
contaminated mussels 

Dondero et al., 2006 copper pollution 
gradient M. edulis 

Microarray and real-time PCR on digestive 
gland of experimental contaminated 
mussels 

Venier et al., 2006 metals and chemicals Mytilus galloprovincialis 

Microarray and real-time PCR on gills, 
digestive gland, muscles and mantle of 
naturally and experimentally contaminated 
mussels 

Gestal et al., 2007 mix of dead bacteria Ruditapes decussatus SSH on heamocytes of oysters exposed 
to the mix of dead bacteria 

Masson et al., 2007 atrazine M. edulis monitoring the gene of Dnak-type 
molecular chaperone 

Chapman et al., 2009 land-use influences C. virginica 
microarray on gills and hepatopancreas of 
oysters lived in 11 creeks along the 
Atlantic coast of the southeastern USA 

Green et al., 2009 hypoxia Saccostrea glomerata 
SSH on haemocytes, monitoring the 
expression of genes encoding anti-oxidant 
enzymes 

Lang et al., 2009 heat stress C. gigas Microarray and real-time PCR on gills of 
oysters exposed to high temperature 

Prado-Alvarez et al., 2009 Perkinsus olseni R. decussatus SSH on heamocytes exposed to perkinsus 
olseni in different time point 

Wang et al., 2009 Vibrio alginolyticus Pinctada fucata 
monitoring the expression of HSP 70 in 
the heamocytes of oysters responding to 
bacterial challenge 

Zapata et al., 2009 copper pollution 
gradient Argopecten purpuratus SSH and real-time PCR on post-larvae of 

scallop 

Bettencourt et al., 2010 
conditions of the 

hydrothermal vent 
field 

Bathymodiolus azoricus RNA-seq on gills 

Dondero et al., 2010 nickel and chlorpyrifos M. galloprovincialis 

Microarry and real-time PCR on digestive 
gland of mussels exposed to nickel, 
chlorpyrifos and the mix (nickel and 
chlorpyrifos) 

Lockwood et al., 2010 osmotic stress M. galloprovincialis and 
Mytilus trossulus Microarray on gills of two species mussels 

Sussarellu et al., 2010 hypoxia C. gigas Microarray and real-time PCR on the 
digestive gland 

Wang et al., 2010 Perkinsus marinus C. virginica Microarray and real-time PCR on gills 

Bettencourt et al., 2011 hydrostatic pressure B. azoricus real-time PCR on selected genes of gills 
and mantles 

Boutet et al., 2011 
environmental factors 
of the hydrothermal 

vent field 
B. azoricus 

compare differentially expressed genes in 
gills of two groups, one is rich in 
methanotrophic bacteria and the other is 
rich in thiotrophic bacteria using SSH and 
microarray 

Chaney et al., 2011 summer mortality C. gigas microarray on heamocytes of survival and 
mortal oysters 

Chapman et al., 2011 environmental factors C. virginica 
microarray on gills and hepatopancreas of 
oysters lived in 11 creeks along the 
Atlantic coast of the southeastern USA 

De Lorgeril et al., 2011 Vibrio spp. C. gigas DGE analysis on heamocytes of oysters 
infected by virulent and avirulent strains 

Fu et al., 2011 osmotic stress and 
bacterial challenge 

Crassostrea 
hongkongensis 

monitoring the expression of HSP 90 in 
the heamocytes of oysters under stresses 

Ivanina et al., 2011 cadmium and hypoxia C. virginica real-time PCR on selected genes of 
hepatopancreas 

Lockwood et al., 2011 heat stress M. galloprovincialis and 
M. trossulus Microarray on gills of two species mussels 

Milan et al., 2011 temperature and 
salinity Ruditapes philippinarum 

RNA-seq and microarry on individuals of 
clams exposed to quick changes of 
temperature of salinity 
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Brulle et al., 2012 Vibrio tapetis R. philippinarum SSH and real-time PCR on heamocytes 
exposure to V.tapetis and V.splendidus 

Egas et al., 2012 
endosymbionts and 
free-living deep-sea 

bacteria 
B. azoricus RNA-seq on gills 

Fleury and Huvet, 2012 summer mortality C. gigas Microarray on muscle, gills, gonad of 
natural mussels in different time points 

Martín-Gómez et al., 2012 Bonamia spp Ostrea edulis SSH and real-time PCR on heamocytes 
exposed to Bonamia spp 

Mello et al., 2012 brevetoxin C. gigas real-time PCR on selected genes following 
heamocytes exposure to brevetoxin 

Moreira et al., 2012a V. alginolyticus R. philippinarum and R. 
decussatus 

real-time PCR on selected genes following 
heamocytes exposure to vibrio 

Moreira et al., 2012b Vibrio anguillarum R. philippinarum 
RNA-seq on heamocytes of clams 
exposed to alive and heat-inactivated 
vibrio 

Morga et al., 2012 Bonamia spp O. edulis SSH and real-time PCR on heamocytes 

Place et al., 2012 Pacific tides Mytilus californianus 
Microarray on gills, muscle and mantle of 
mussels inhabiting different vertical 
locations 

Wang et al., 2012 V. alginolyticus Pinctada martensii SSH and real-time PCR on heamocytes 

Zhao et al., 2012 osmotic stress C. gigas RNA-seq on gills of oysters exposed to 
different salinity gradient seawater 

Choi et al., 2013 hypoxia C. gigas monitoring the effects of hypoxia-inducible 
factor-alpha on respiratory burst activity 

Guevelou et al., 2013 hypoxia C. gigas monitoring the expression of AMP-
activated protein kinase α 

Meng et al., 2013 osmotic stress C. gigas RNA-seq on gills of oysters exposed to 
different salinity gradient seawater 

Varotto et al., 2013 combined metal salts M. galloprovincialis Microarray and real-time PCR on gills 
 
 
 
 
 
 
 
genes involved in specific biological functions, 
especially in organisms where genomic data are not 
available (Zhang et al., 2001). 

In molluscs, most studies aim to identify the 
molecular basis of the most common pathologies 
reviewed in Romero et al., 2012. Some studies 
focused on several genes by SSH-cDNA libraries, 
such as Hsp90, ubiquitin gene response to osmotic 
stress and bacterial challenge and two catalase 
homologs response to bacterial infection and 
oxidative stress in Crassostrea hongkongensis (Fu 
et al., 2011; Zhang et al., 2011), a Dnak-type 
molecular chaperone exposed to atrazine in blue 
mussels (Masson et al., 2007), and Hsp70 in the 
haemocytes of pearl oyster responding to bacterial 
challenge (Wang et al., 2009). Some studies 
investigated genes of the same categories, and 
mostly aimed at immune-related genes (Xu et al., 
2009; Martín-Gómez et al., 2012; Wang et al., 2012; 
Gestal et al., 2007) and anti-oxidant genes (Green 
et al., 2009). 

With the increase of the EST databases in 
marine bivalves, studies containing more coverage 
of transcripts were undertaken, involved 
transciptome in response to parasites (Tanguy et 
al., 2004; Prado-Alvarez et al., 2009; Morga et al., 
2011), virus (Brulle et al., 2012), and heavy metals 
(Zapata et al., 2009). 

The SSH technology is a quick and effective 
method to distinguish the genes differentially 
expressed by high specificity and sensitivity. It can 
isolate dozens of, even hundreds of genes 

differently expressed and is easy to operation. 
However, this technology bases on the 
hybridization, so that the genes that have no or little 
restriction enzyme cutting site cannot be isolated by 
the SSH.  
 
Microarrays 

Microarrays are on the basis of abundant genes 
or gene segments with known sequences. The 
construction of the numerous libraries has led to a 
significant increase in the number of ESTs in 
databases, which contain genes that are modulated 
in response to environmental stresses and can be 
used to design probes in microarrays. Microarrays 
have various applications, including the analysis of 
gene expression analysis and genotyping for point 
mutations, single nucleotide polymorphisms (SNPs), 
and short tandem repeats (STRs) (Heller, 2002). 

In molluscs, microarrays were mostly used on 
the gene expression profiling of responses to 
environmental stresses. Lockwood et al. (2010, 
2011) analyzed the effects of heat stress and hypo-
osmotic stress between invasive and native 
mussels. The relative studies about gene 
expression profiles of the oysters exposed to 
hypoxia (Sussarellu et al., 2010), heat (Lang et al., 
2009), and parasites (Wang et al., 2010) were 
performed. Moreover, microarrays were used to 
analyze the interactions of multifactor in oysters 
(Chapman et al., 2009; Manfrin et al., 2010; Chaney 
et al., 2011; Chapman et al., 2011; Dondero et al., 
2011; Fleury et al., 2012). Microarrays were also 
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used to decipher the effects of the environmental 
factors on gene expression in the deep-sea mussels 
(Boutet et al., 2011). 

Owing to the limitation that microarrays have to 
base on the known sequences, the studies about 
the marine bivalves with limited gene databases 
have only concentrated on several species that are 
important under the commercial point of view. 
Meanwhile, the relevant researches are so few that 
the costing of microarrays in marine bivalves is 
relatively high. 
 
The next-generation sequencing technologies 

The occurrence of the next-generation 
sequencing technologies is a giant leap in genomic 
and transcriptomic research. They make large-scale 
sequencing possible by high-throughput and cost-
efficiency (Marguerat et al., 2010). Although these 
powerful and rapidly evolving technologies have 
only been available for a couple of years, they are 
already making substantial contributions to our 
understanding of genome expression and 
regulation. There are three main commercially 
technologies, including Roche (454 Life Sciences), 
Illumina (Solexa Sequencing Technology), and 
Applied Biosystems (Life Technologies/APG). 

The approach to exploit dynamic 
transcriptomes by the next-generation sequencing 
technologies termed RNA-seq. The application of 
these technologies is a fast and efficient approach 
for gene discovery and enrichment of 
transcriptomes in non-model organisms. Currently, 
transcriptomes have been sequenced for various 
marine bivalves. In relation to the responses to 
environmental stresses in molluscs, the researches 
concentrated in oysters to discuss the relative genes 
and pathways against osmotic stresses and virus 
infections (De Lorgeril et al., 2011; Zhao et al., 
2012; Menge et al., 2013). Furthermore, there were 
some literatures about the immune system of 
mussels (Philipp et al., 2012), and clams (Moreira et 
al., 2012). 

The next-generation technologies make the 
sequencing of the non-model organisms possible. 
With the development and popularization of high-
thoughput sequencing technologies, the genomes 
and transcriptomes of more and more marine 
bivalves would be sequenced. 
 
Conclusion 

 
The ecological status of the marine bivalves is 

always an important advantage to monitor the 
environmental quality of the intertidal zones. Along 
with the fast development of technologies and 
analysis methods, the information of the molluscs 
genomes increased drastically. The genomic 
information is the basis for understanding how the 
mollusks respond to environmental stresses and 
solving important problems in the bivalve production 
such as the “summer mortality”. 

In this minireview, we summarized the recent 
studies about the transcriptomic response to stress 
in marine bivalve. Owing to the characteristic of 
bivalve’s genome and no model organism, the 
development of the molecular studies made a slow 
progress in a period. However, advanced 

technologies bring genome and transcriptome of 
bivalve new insights and progressive directions. 
Increasing researchers devote themselves to the 
mechanisms of bivalve adapted to the complex 
conditions at molecular level. 

Nevertheless, we face several problems. Due to 
the decreasing cost of the next-generation 
technologies, we need to increase the biological 
repeats to increase the accuracy of the data. To 
date, most experiments are based on the laboratory 
conditions. However, environmental factors interact 
with each other in the nature. The researches in the 
future should consider the combination of imitation 
and the nature. Eventually, transcript levels are only 
a proxy for protein expression, and cannot be 
identical completely with protein expression 
because of post-translational modifications or other 
reasons. Comparing the results of the transcriptome 
and proteome, we can explain the experimental 
consequences more comprehensively. 

 
Acknowledgements 

The work in our laboratory on bivalve genomics 
is supported by the grants from 973 Program 
(2010CB126406), and 863 Program 
(2012AA10A405-6). 

 
References 
Bettencourt R, Pinheiro M, Egas C, Gomes P, 

Afonso M, Shank T, et al. High-throughput 
sequencing and analysis of the gill tissue 
transcriptome from the deep-sea hydrothermal 
vent mussel Bathymodiolus azoricus. BMC 
Genomics 11:559, 2010. 

Bettencourt R, Costa V, Laranjo M, Rosa D, Pires L, 
Colaco A, et al. Out of the deep sea into a land-
based aquarium environment: investigating 
physiological adaptations in the hydrothermal 
vent mussel Bathymodiolus azoricus. ICES J. 
Mar. Sci. 68: 357-364, 2011. 

Boutet I, Ripp R, Lecompte O, Dossat C, Corre E, 
Tanguy A. Conjugating effects of symbionts and 
environmental factors on gene expression in 
deep-sea hydrothermal vent mussels. BMC 
Genomics. 12: 530, 2011. 

Brown M, Davies IM, Moffat CF, Craft JA. 
Application of SSH and a macroarray to 
investigate altered gene expression in Mytilus 
edulis in response to exposure to 
benzo[a]pyrene. Mar. Environ. Res. 62: S128-
S135, 2006. 

Brulle F, Jeffroy F, Madec S, Nicolas JL, Paillard C. 
Transcriptomic analysis of Ruditapes 
philippinarum hemocytes reveals cytoskeleton 
disruption after in vitro Vibrio tapetis challenge. 
Dev. Comp. Immunol. 38: 368-376, 2012. 

Chaney ML, Gracey AY. Mass mortality in Pacific 
oysters is associated with a specific gene 
expression signature. Mol. Ecol. 20: 2942-2954, 
2011. 

Chapman RW, Mancia A, Beal M, Veloso A, 
Rathburn C, Blair A, et al. A transcriptomic 
analysis of land-use impacts on the oyster, 
Crassostrea virginica, in the South Atlantic 
bight. Mol. Ecol. 18: 2415-2425, 2009. 

Chapman RW, Mancia A, Beal M, Veloso A, 
Rathburn C, Blair A, et al. The transcriptomic 

  90



responses of the eastern oyster, Crassostrea 
virginica, to environmental conditions. Mol. 
Ecol. 20: 1431-1449, 2011. 

Choi SH, Jee BY, Lee SJ, Cho MY, Lee SJ, Kim 
JW, et al. Effects of RNA interference-mediated 
knock-down of hypoxia-inducible factor-alpha 
on respiratory burst activity of the Pacific oyster 
Crassostrea gigas hemocytes. Fish Shellfish 
Immunol. 35: 476-479, 2013. 

Cotter E, Malham SK, O’Keeffe S, Lynch SA, 
Latchford JW, King JW, et al. Summer mortality 
of the Pacific oyster, Crassostrea gigas, in the 
Irish Sea: The influence of growth, biochemistry 
and gametogenesis. Aquaculture 303: 8-21, 
2010. 

Dame RF. Ecology of marine bivalves: an 
ecosystem approach. CRC press, Florida, USA, 
2011. 

Dahlhoff EP. Biochemical indicators of stress and 
metabolism: applications for marine ecological 
studies. Annu. Rev. Physiol. 66: 183-207, 2004. 

De Lorgeril J, Zenagui R, Rosa RD, Piquemal D, 
Bachère E. Whole transcriptome profiling of 
successful immune response to Vibrio 
infections in the oyster Crassostrea gigas by 
digital gene expression analysis. PLoS ONE 6: 
e23142, 2011. 

Dégremont L. Evidence of herpesvirus (OsHV-1) 
resistance in juvenile Crassostrea gigas 
selected for high resistance to the summer 
mortality phenomenon. Aquaculture 317: 94-98, 
2011. 

Diatchenko L, Lau YF, Campbell AP, Chenchik A, 
Moqadam F, Huang B, et al. Suppression 
subtractive hybridization: a method for 
generating differentially regulated or tissue-
specific cDNA probes and libraries. Proc. Natl. 
Acad. Sci. USA 93: 6025-6030, 1996. 

Diatchenko L, Lukyanov S, Lau YFC, Siebert PD. 
Suppression subtractive hybridization: A 
versatile method for identifying differentially 
expressed genes. Method. Enzymol. 303: 349-
380, 1999. 

Dondero F, Dagnino A, Jonsson H, Capri F, 
Gastaldi L, Viarengo A. Assessing the 
occurrence of a stress syndrome in mussels 
(Mytilus edulis) using a combined 
biomarker/gene expression approach. Aquat. 
Toxicol. 78: S13-S24, 2006. 

Dondero F, Banni M, Negri A, Boatti L, Dagnino A, 
Viarengo A. Interactions of a pesticide/heavy 
metal mixture in marine bivalves: a 
transcriptomic assessment. BMC Genomics 12: 
195, 2011. 

Doney SC. The growing human footprint on coastal 
and open-ocean biogeochemistry. Science 328: 
1512-1516, 2010. 

Egas C, Pinheiro M, Gomes P, Barroso C, 
Bettencourt R. The transcriptome of 
Bathymodiolus azoricus gill reveals expression 
of genes from endosymbionts and free-living 
deep-sea bacteria. Mar. Drugs 10: 1765-1783, 
2012. 

Fleury E, Huvet A. Microarray analysis highlights 
immune response of Pacific oysters as a 
determinant of resistance to summer mortality. 
Mar. Biotechnol. 14: 203-217, 2012. 

Forrest BM, Keeley NB, Hopkins GA, Webb SC, 
Clement DM. Bivalve aquaculture in estuaries: 
review and synthesis of oyster cultivation 
effects. Aquaculture 298: 1-15, 2009. 

Fu D, Chen J, Zhang Y, Yu Z. Cloning and 
expression of a heat shock protein (HSP) 90 
gene in the haemocytes of Crassostrea 
hongkongensis under osmotic stress and 
bacterial challenge. Fish Shellfish Immun. 31: 
118-125, 2011. 

Gestal C, Costa M, Figueras A, Novoa B. Analysis 
of differentially expressed genes in response to 
bacterial stimulation in hemocytes of the carpet-
shell clam Ruditapes decussatus: identification 
of new antimicrobial peptides. Gene 406: 134-
143, 2007. 

Green TJ, Dixon TJ, Devic E, Adlard RD, Barnes A 
C. Differential expression of genes encoding 
anti-oxidant enzymes in Sydney rock oysters, 
Saccostrea glomerata (Gould) selected for 
disease resistance. Fish Shellfish Immun. 26: 
799-810, 2009. 

Guevelou E, Huvet A, Sussarellu R, Milan M, Guo 
X, Li L, et al. Regulation of a truncated isoform 
of AMP-activated protein kinase α (AMPKα) in 
response to hypoxia in the muscle of Pacific 
oyster Crassostrea gigas. J. Comp. Physiol. B 
183: 597-611, 2013. 

Heller MJ. DNA microarray technology: devices, 
systems, and applications. Annu. Rev. Biomed. 
Eng. 4: 129-153, 2002. 

Helmuth B, Broitman BR, Blanchette CA, Gilman S, 
Halpin P, Harley CDG, et al. Mosaic patterns of 
thermal stress in the rocky intertidal zone: 
implications for climate change. Ecol. Monogr. 
76: 461-479, 2006. 

Hines A, Oladiran GS, Bignell JP, Stentiford GD, 
Viant MR. Direct sampling of organisms from 
the field and knowledge of their phenotype: key 
recommendations for environmental 
metabolomics. Environ. Sci. Technol. 41: 3375-
3381, 2007. 

Ivanina AV, Froelich B, Williams T, Sokolov EP, 
Oliver JD, Sokolova IM. Interactive effects of 
cadmium and hypoxia on metabolic responses 
and bacterial loads of eastern oysters 
Crassostrea virginica Gmelin. Chemosphere 
82: 377-389, 2011. 

Ivanina AV, Kurochkin IO, LeamyL, Sokolova IM. 
Effects of temperature and cadmium exposure 
on the mitochondria of oysters (Crassostrea 
virginica) exposed to hypoxia and subsequent 
reoxygenation. J. Exp. Biol. 215: 3142-3154, 
2012. 

Johnson CR, Banks SC, Barrett NS, Cazassus F, 
Dunstan PK, Edgar GJ. Climate change 
cascades: shifts in oceanography, species' 
ranges and subtidal marine community 
dynamics in eastern Tasmania. J. Exp. Mar. 
Biol. Ecol. 400: 17-32, 2011. 

Kudo I, Kokubun H, Matsunaga K. Cadmium in the 
southwest Pacific Ocean two factors 
significantly affecting the Cd-PO4 relationship in 
the ocean. Mar. Chem. 54: 55-67, 1996. 

Kültz D. Molecular and evolutionary basis of the 
cellular stress response. Annu. Rev. Physiol. 
67: 225-257, 2005. 

  91



Lacoste A, Jalabert F, Malham S, Cueff A, Gélébart 
F, Cordevant C, et al. A Vibrio splendidus strain 
is associated with summer mortality of juvenile 
oysters Crassostrea gigas in the bay of morlaix 
(North Brittany, France). Dis. Aquat. Org. 46: 
139-145, 2001. 

Lamar EE, Palmer E. Y-encoded, species-specific 
DNA in mice: evidence that the Y chromosome 
exists in two polymorphic forms in inbred 
strains. Cell 37: 171-177, 1984. 

Lang RP, Bayne CJ, Camara MD, Cunningham C, 
Jenny MJ, Langdon CJ. Transcriptome profiling 
of selectively bred Pacific oyster Crassostrea 
gigas families that differ in tolerance of heat 
shock. Mar. Biotechnol. 11: 650-668, 2009.  

Lockwood BL, Sanders JG, Somero GN. 
Transcriptomic responses to heat stress in 
invasive and native blue mussels (genus 
Mytilus): molecular correlates of invasive 
success. J. Exp. Biol. 213: 3548-3558, 2010. 

Lockwood BL, Somero GN. Transcriptomic 
responses to salinity stress in invasive and 
native blue mussels (genus Mytilus). Mol. Ecol. 
20: 517-529, 2011. 

Lynch SA, Carlsson J, Reilly AO, Cotter E, Culloty 
SC. A previously undescribed Ostreid Herpes 
Virus 1 (OsHV-1) genotype detected in the 
pacific oyster, Crassostrea gigas, in Ireland. 
Parasitology 139: 1526-1532, 2012. 

Manfrin C, Dreos R, Battistella S, Beran A, Gerdol 
M, Varotto L, et al. Mediterranean mussel gene 
expression profile induced by okadaic acid 
exposure. Environ. Sci. Technol. 44: 8276-
8283, 2010. 

Marguerat S, Bähler J. RNA-seq: from technology to 
biology. Cell Mol. Life Sci. 67: 569-579, 2010. 

Martín-Gómez L, Villalba A, Abollo E. Identification 
and expression of immune genes in the flat 
oyster Ostrea edulis in response to bonamiosis. 
Gene 492: 81, 2012. 

Masson R, Loup B, Bultelle F, Siah A, Leboulenger 
F, Danger JM. Identification of the gene 
encoding a Dnak-type molecular chaperone as 
potentially down regulated in blue mussels 
(Mytilus edulis) following acute exposure to 
atrazine. Hydrobiologia 588: 135-143, 2007. 

May RC, Machesky LM, Phagocytosis and the 
actin cytoskeleton. J. Cell Sci.114: 1061–
1077, 2001. 

Mello DF, de Oliveira ES, Vieira RC, Simoes E, 
Trevisan R, Dafre AL, et al. Cellular and 
transcriptional responses of Crassostrea gigas 
hemocytes exposed in vitro to brevetoxin 
(PbTx-2). Mar. Drugs 10: 583-597, 2012. 

Meng J, Zhu Q, Zhang L, Li C, Li L, She Z, et al. 
Genome and transcriptome analyses provide 
insight into the euryhaline adaptation 
mechanism of Crassostrea gigas. PLoS ONE 8: 
e58563, 2013. 

Menge BA, Chan F, Lubchenco J. Response of a 
rocky intertidal ecosystem engineer and 
community dominant to climate change. Ecol. 
Lett. 11: 151-162, 2008. 

Milan M, Coppe A, Reinhardt R, Cancela LM, Leite 
RB, Saavedra C, et al. Transcriptome 
sequencing and microarray development for the 
Manila clam, Ruditapes philippinarum: genomic 

tools for environmental monitoring. BMC 
Genomics 12: 234, 2011. 

Moreira R, Balseiro P, Romero A, Dios S, Posada 
D, Novoa B, et al. Gene expression analysis of 
clams Ruditapes philippinarum and Ruditapes 
decussatus following bacterial infection yields 
molecular insights into pathogen resistance and 
immunity. Dev. Comp. Immunol. 36: 140-149, 
2012a. 

Moreira R, Balseiro P, Planas JV, Fuste B, Beltran 
S, Novoa B, et al. Transcriptomics of in vitro 
immune-stimulated hemocytes from the Manila 
clam Ruditapes philippinarum using high-
throughput sequencing. PLoS ONE 7: e35009, 
2012b.  

Morga B, Renault T, Faury N, Arzul I. New insights 
in flat oyster Ostrea edulis resistance against 
the parasite Bonamia ostreae. Fish Shellfish 
Immun. 32: 958-968, 2012. 

Myrand B, Gaudreault J. Summer mortality of blue 
mussels (Mytilus edulis Linneaus, 1758) in the 
Magdalen Islands (southern Gulf of St 
Lawrence, Canada). J. Shellfish Res. 1995, 14: 
395-404. 

Pauley GB, Van Der Raay B, Troutt D. Species 
profiles: life histories and environmental 
requirements of coastal fishes and 
invertebrates (Pacific Northwest) Pacific oyster. 
Biol. Rep. 82: 28, 1988. 

Pawiro S. Bivalves: Global production and trade 
trends, in 2010, World Health Organization 
(WHO). Safe Management of Shellfish and 
Harvest Waters. Edited by G. Rees, K. Pond, D. 
Kay, J. Bartram and J. Santo Domingo. ISBN: 
9781843392255. Published by IWA Publishing, 
London, UK. 

Philipp EER, Kraemer L, Melzner F, Poustka AJ, 
Thieme S, Findeisen U, et al. Massively parallel 
RNA sequencing identifies a complex immune 
gene repertoire in the lophotrochozoan Mytilus 
edulis. PLoS ONE 7: e33091, 2012. 

Place SP, Menge BA, Hofmann GE. Transcriptome 
profiles link environmental variation and 
physiological response of Mytilus californianus 
between Pacific tides. Funct. Ecol. 26: 144-155, 
2012. 

Prado-Alvarez M, Gestal C, Novoa B, Figueras A. 
Differentially expressed genes of the carpet 
shell clam Ruditapes decussatus against 
Perkinsus olseni. Fish Shellfish Immun. 26: 72-
83, 2009. 

Renault T, Faury N, Barbosa-Solomieu V, Moreau 
K. Suppression substractive hybridisation 
(SSH) and real time PCR reveal differential 
gene expression in the Pacific cupped oyster, 
Crassostrea gigas, challenged with Ostreid 
herpesvirus 1. Dev. Comp. Immunol. 35: 725-
735, 2011. 

Romero A, Novoa B, Figueras A. Genomics, 
immune studies and diseases in bivalve 
aquaculture. Invertebr. Survival J. 9: 110-121, 
2012. 

Samain JF, Dégremont L, Soletchnik P, Haure J, 
Bédier E, Ropert M, et al. Genetically based 
resistance to summer mortality in the Pacific 
oyster (Crassostrea gigas) and its relationship 
with physiological, immunological 

  92



characteristics and infection processes. 
Aquaculture 268: 227-243, 2007. 

Venier P, De Pittà C, Pallavicini A, Marsano F, 
Varotto L, Romualdi C, et al. Development of 
mussel mRNA profiling: can gene expression 
trends reveal coastal water pollution? Mut. Res. 
602: 121-134, 2006.  

Samain JF, MacCombie H. Summer mortality of 
Pacific oyster Crassostrea gigas: the Morest 
Project. Éditions Quae, Versailles, 2008. 

Segarra A, Pepin JF, Arzul I, Morga B, Faury N, 
Renault T. Detection and description of a 
particular Ostreid herpesvirus 1 genotype 
associated with massive mortality outbreaks of 
Pacific oysters, Crassostrea gigas, in France in 
2008. Virus Res. 153: 92-99, 2010. 

Wang S, Peatman E, Liu H, Bushek D, Ford SE., 
Kucuktas H, et al. Microarray analysis of gene 
expression in eastern oyster (Crassostrea 
virginica) reveals a novel combination of 
antimicrobial and oxidative stress host 
responses after dermo (Perkinsus marinus) 
challenge. Fish Shellfish Immun. 29: 921-929, 
2010. 

Shumway SE. Effect of salinity fluctuation on the 
osmotic pressure and Na+, Ca2+ and Mg2+ ion 
concentrations in the hemolymph of bivalve 
mollusks. Mar. Biol. 41: 153-177, 1977. 

Wang Y, Fu D, Luo P, He H. Identification of the 
immune expressed sequence tags of pearl 
oyster (Pinctada martensii, Dunker 1850) 
responding to Vibrio alginolyticus challenge by 
suppression subtractive hybridization. Comp. 
Biochem. Physiol. Part D 3: 243-247, 2012. 

Soletchnik P, Lambert C, Costil K. Summer mortality 
of Crassostrea gigas (Thunberg) in relation to 
environmental rearing conditions. J. Shellfish 
Res. 24: 197-207, 2005. 

Somero GN. The physiology of climate change: how 
potentials for acclimatization and genetic 
adaptation will determine ‘winners’ and ‘losers’. 
J. Exp. Biol. 213: 912-920, 2010. 

Wang Z, Wu Z, Jian J, Lu Y. Cloning and 
expression of heat shock protein 70 gene in the 
haemocytes of pearl oyster (Pinctada fucata, 
Gould 1850) responding to bacterial challenge. 
Fish Shellfish Immun. 26: 639, 2009. Sussarellu R, Fabioux C, Le Moullac G, Fleury E, 

Moraga D. Transcriptomic response of the 
Pacific oyster Crassostrea gigas to hypoxia. 
Mar. Genomics 3: 133-143, 2010.  

Xiao J, Ford SE, Yang H, Zhang G, Zhang F, Guo 
X. Studies on mass summer mortality of 
cultured zhikong scallops (Chlamys farreri 
Jones et Preston) in China. Aquaculture 250: 
602-615, 2005. 

Tanguy A, Guo X, Ford SE. Discovery of genes 
expressed in response to Perkinsus marinus 
challenge in Eastern (Crassostrea virginica) 
and Pacific (C. gigas) oysters. Gene 338: 121-
131, 2004. 

Xu W, Faisal M. Identification of the molecules 
involved in zebra mussel (Dreissena 
polymorpha) hemocytes host defense. Comp. 
Biochem. Physiol. Part B 154: 143-149, 2009. Tomanek L. Environmental proteomics of the 

mussel Mytilus: implications for tolerance to 
stress and change in limits of biogeographic 
ranges in response to climate change. Integr. 
Comp. Biol. 52: 648-664, 2012. 

Zapata M, Tanguy A, David E, Moraga D, Riquelme 
C. Transcriptomic response of Argopecten 
purpuratus post-larvae to copper exposure 
under experimental conditions. Gene 442: 37-
46, 2009.  Tremblay R, Myrand B, Sevigny JM, Blier P, 

Guderley H. Bioenergetic and genetic 
parameters in relation to susceptibility of blue 
mussels, Mytilus edulis (L.) to summer 
mortality. J. Exp. Mar. Biol. Ecol. 221: 27-58, 
1998a. 

Zhang L, Ma XL, Zhang Q, Ma C L, Wang PP, Sun 
YF, et al. Expressed sequence tags from a 
NaCl-treated Suaeda salsa cDNA library. Gene 
267: 193-200, 2001. 

Zhang Y, Fu D, Yu F, Liu Q, Yu Z. Two catalase 
homologs are involved in host protection 
against bacterial infection and oxidative stress 
in Crassostrea hongkongensis. Fish Shellfish 
Immun. 31: 894-903, 2011. 

Tremblay R, Myrand B, Guderley H. Thermal 
sensitivity of organismal and mitochondrial 
oxygen consumption in relation to susceptibility 
of blue mussels, Mytilus edulis (L.), to summer 
mortality. J. Shellfish Res. 1: 141-152, 1998b. Zhao L, Jones W. Expression of heat shock protein 

genes in insect stress responses. Invertebr. 
Survival J. 9: 93-101, 2012. 

Varotto L, Domeneghetti S, Rosani U, Manfrin C, 
Cajaraville MP, Raccanelli S, et al. DNA 
damage and transcriptional changes in the gills 
of Mytilus galloprovincialis exposed to 
nanomolar doses of combined metal salts (Cd, 
Cu, Hg). PLoS One 8: e54602, 2013. 

Zhao X, Yu H, Kong L, Li Q. Transcriptomic 
responses to salinity stress in the Pacific oyster 
Crassostrea gigas. PLoS ONE 7: e46244, 
2012. 

 

  93


