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Abstract:
Since 2008, mass mortality events of Crassostrea gigas have been occurring along the French coast
when seawater temperature exceeds 16ºC. These mortality events are related to a particular genotype
of the ostreid herpesvirus named OsHV-1 μvar. The present study aimed to detail various
physiological aspects underlying the onset of the disease. In the laboratory, both exposed (infected)
and naïve (healthy) oysters were maintained at 13.0°C and 20.6ºC. These temperatures were
respectively lower and higher than the threshold values of 16°C at which the disease generally occur.
At 20.6ºC, exposed oysters were characterized by a reduction in energetic reserves (carbohydrates
and triglycerides) together with a decrease in protein content. Sterols levels were lower in exposed
oysters than in naïve individuals, irrespective of temperature. Finally, activities of some key enzymes
related to energetics were similar in exposed and naïve oysters and did not change with temperature.
This result suggests that although energetic reserves were being diminished in infected oysters, their
metabolic activities remained similar to that of healthy animals.

Highlights
► We study the energetic physiology of infected and healthy oysters at 2 temperatures. ► Healthy
oysters increase their energetic reserves together with higher temperatures. ► Infection and high
temperatures lead to mortalities and lowered energetic reserves. ► Infected and healthy oysters have
similar key energetic enzyme activities. ► OsHV-1 μvar promotes a metabolic disorder above its lethal
temperature threshold.

Keywords : Crassostrea gigas ; Energetic reserves ; Energetic metabolism ; Enzyme activity ;
OsHV-1 ; Temperature
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1. Introduction
Since 2008, mass mortality events of Crassostrea gigas of less than one year old have been occurring
along all oyster rearing sites on the French coast (EFSA, 2010; Jolivel and Fleury 2012), threatening
the exploitation of this valuable resource at an unprecedented scale. Summer oyster mortalities had
been reported for decades in many countries (Samain and McCombie, 2008) and invoked to be the
consequence of a multifactorial interaction among pathogens, environmental conditions and oyster
physiological status.
Mass mortality of oysters were found to be associated to a particular genotype of the ostreid
herpesvirus 1 (OsHV-1) named μVar (Segarra et al., 2010) that affects preferentially less than oneyear old individuals (Clegg et al., in press; Dégremont, 2011; Paul-Pont 2013; Peeler et al., 2012;
Pernet et al., 2010, 2012). Additionally,
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ACCEPTED MANUSCRIPT
bacteria of the genus Vibrio are generally reported concomitantly to OsHV-1 in
mortality events occurring in the field, further complicating the understanding of the
action mechanisms that lead to oyster mortality (Dégremont, 2011; Pernet et al., 2012;
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Petton et al., 2013; Saulnier et al., 2010). Although mass mortalities of oysters have

IP

been mostly reported in France, this phenomenon has also been reported in the UK,
Australia and New Zealand (EFSA, 2010; Renault, 2011; Martenot et al., 2011; Peeler
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et al., 2012).

The onset of mass mortality generally occurs when seawater temperature reaches 1617ºC (Pernet et al., 2012), which is in contrast to the summer mortality phenomena
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characterized by a temperature threshold of 19ºC (Samain and McCombie, 2008). The
effect of temperature on OsHV-1 transmission and related mortalities of oysters has

MA

received much attention (Dégremont, 2011; Samain and McCombie, 2008; Garcia et al.,
2011; Pernet et al., 2012; Sauvage et al., 2009). Recently, cohabitation experiments
shows that healthy oysters exposed to field areas where mortalities were occurring could

D

become infected by OsHV-1 µVar (Petton et al., 2013). In addition, disease
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transmission and related oyster mortality vary with seawater temperature. Indeed, when
field exposed oysters were maintained at 13ºC for 40 days in the hatchery, they
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exhibited no additional mortality, were negative for OsHV-1 and did not transmit the
disease to healthy oysters (Petton et al., 2013). These results further highlight the

AC

importance of temperature in recent mass mortalities events.
Summer mortality usually occurs when energetic resources are lowest and energy
demand and reproductive effort are highest (Samain and McCombie, 2008; Berthelin et
al., 2000; Delaporte et al., 2006; Enríquez-Díaz et al., 2009; Soletchnik et al., 1997,
2006). Energetic status has been shown to play a major role in bacterial infection and
disease expression in bivalves (Flye-Sainte-Marie et al., 2007, Genard et al., 2011,
2013; Paillard et al., 2004; Plana et al., 1996). Also, the energetic status of oysters prior
to the onset of mass mortality events plays a role in OsHV-1 transmission and related
mortalities (Pernet et al., 2010, 2012, 2014). Conversely, OsHV-1 induce physiological
changes such as differential regulation of several cell processes in relation with the
disease such as immune response, cell signaling and reception pathways, and, apoptosis
and cell cycle regulation as reported in several transcriptomic studies (Fleury and
Huvet, 2012; Jouaux et al., 2013, Renault et al., 2011).
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In this study, we investigated the interactive effects of temperature and disease exposure
on physiological parameters of oysters. In a previous paper (Petton et al., 2013), we
showed that mortality of healthy (naïve) oysters is influenced by the temperature during
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their cohabitation with oysters previously exposed to field conditions where mortalities
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occurred (hereafter referred to as “exposed”). Here we analysed the energetic reserves

SC
R

and activities of key metabolic enzymes on exposed and naïve oysters.
2. MATHERIAL AND METHODS

NU

2.1. Animals

Wild individuals were collected in Fouras (Marennes-Oléron, France) in August 2008,
placed in mesh bags in February 2009, then transferred to Paimpol (northern Brittany,
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France, 48°48´24.49" N, -87 3°0´22.84" W) until February 2010. Then, these animals
were moved to the Ifremer grow-out farm located in Aber-Benoît, (northern Brittany,
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France, 48°34´29.976" N, 4°36´18.378" W). These animals were exposed to the disease
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during the spring 2009 and suffered ca. 75% mortality.
In April 2010, 60 individuals (3 year-old, 80 mm shell length) were transferred to the
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Ifremer marine station located at Argenton (Brittany, France) for conditioning. These
animals were held in 500 l flow-through tanks for 6 weeks, with seawater at 19°C and
enriched with a phytoplankton mixture which consisted of Isochrysis affinis galbana
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(T-ISO) and Chaetoceros gracilis (1:1 in dry weight) at a ration equivalent to 6% of the
oyster dry weight. Seawater was treated with UV radiation and filtered at 1 μm.
Gametes from 13 males and 27 females, obtained by stripping, were mixed at 50
spermatozoids per oocyte on 9 June 2010. The D-larvae were reared in flow-through
systems (Rico-Villa et al., 2008) at 25°C for a proper larval performance (Ben Kheder
et al., 2010). After 16 days, competent larvae were collected on a 225 μm sieve and
allowed to settle on cultch. Post-larvae were maintained in downwelling systems where
they were continuously supplied with enriched seawater (see above for conditions) as
described elsewhere (González Araya et al., 2012). After 10 days, the cultchless spat
were collected on 400 μm mesh and reared at 25°C in downwellers for 90 days until late
August 2010. Throughout this time, the oysters were free of any abnormal mortality and
OsHV-1 DNA was not detected.
2.2. Experimental design
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On 26 August 2010, juvenile oysters (2500 individuals) were placed in mesh bags and
transferred to a farming area located in the Bay of Brest where mortalities were
occurring among local oysters (Petton et al., 2013). Shell length of juvenile oysters
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varied between 15 and 30 mm, average whole body wet weight was 0.3 g and age was 3
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months. Exposed oysters were maintained for 16 days in the field before returning to the
marine station. At that time, these animals were infected by OsHV-1 µVar (Petton et al.,
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2013). The unexposed oysters (hereafter referred to as “naïve” animals) were kept in the
Ifremer marine station with UV treated seawater filtered at 1µm.
Following exposure in the field, animals were returned to the laboratory, where an equal

NU

number of 200 individuals for both exposed and naïve oysters were placed at 13.0 and
20.6ºC in 23 L plastic replicate tanks for each condition for 40 days (n=2). Food
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concentration was maintained at 1500 µm3 µl-1 algae. It was controlled every day by
means of a Counter Coulter Multisizer 3 at the inflow and outflow of all experimental
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tanks.
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Ten days after exposure to the temperature treatment, the whole tissues of 5 pooled
oysters for each condition (n=2 sampling tanks per condition) were dissected, and
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immediately stored into liquid nitrogen. Concomitantly, dead and alive oysters were
counted and recorded daily thereafter. Survival analyses are detailed elsewhere (Petton
et al., 2013). Briefly, at the time of sampling, exposed oysters exhibited 54% mortality
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against 0% in naïve oysters at 20.6°C, whereas at 13.0°C, no mortality occurred in both
exposed and naïve animals (Petton et al., 2013).
2.3. Biochemical analysis
Soft tissues of five pooled oysters were grounded onto liquid nitrogen with a MM400
homogenizer (Retsch), and the resulting powders were subsampled and stored at −80°C
until biochemical analysis (Pernet et al., 2012).
2.3.1. Proteins, carbohydrates and neutral lipids
For protein extraction, 200 mg of fine powder were placed in Eppendorf tubes filled
with 1 ml ice-cold lysis buffer (150 mM NaCl, 10 mM Tris, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 0.5% Igepal, 2 mM PMSF, 10 μg ml-1 leupeptin, 10 μg ml-1
aprotinin, 100 mM sodium fluoride, 10 nM sodium pyrophosphate, and 2 mM sodium
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orthovanadate; pH 7.4). Proteins were extracted as described by Corporeau et al. (2011).
Protein lysates were quantified using a DC protein assay (Bio-Rad, Hercules, CA, USA)
and diluted at the same concentration in ice-cold lysis buffer.

T

For carbohydrate, samples of 100 to 200 mg of fine powder were placed in Eppendorf
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tubes containing 1.5 ml nano-pure water, homogenized and diluted according to
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carbohydrate concentration. Carbohydrates were quantified following DuBois et al.
(1956) as described in Pernet et al. (2010).

Samples of 100 mg of powder were placed in glass vials filled with 6 ml
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dichloromethane/methanol (2:1, v/v), and total lipids were extracted according to Folch
et al. (1957). Neutral lipid classes were further analysed by HPTLC (high performance

MA

thin layer chromatography) using a CAMAG system, consisting of a sampler (TLC
Sampler 4) and a reader (TLC Scanner 3) (Ben Kheder et al., 2010). Identified
compounds were sterols (ST; µg mg-1 tissues), free fatty acids (FFA; µg mg-1 tissues)
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2.3.2. Enzyme activities
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and triacylglycerol (TAG; µg mg-1 tissues).
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The activity of citrate synthase (CS; EC 4.1.3.7), was assayed using the method of
Childress and Somero (1979). The assay reaction is based on the reaction of 5, 5’dithiobis (2-nitrobenzoic acid) (DTNB) with the reactive −SH group of the free co-
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enzyme A. The 2-nitro-5- thiobenzoate (NTB) produced is yellow and its maximum
absorbance is at ~412 nm. The activities of hexokinase (HK; EC 2.7.1.1), and pyruvate
kinase (PK; EC 2.7.1.40) in oyster tissues were determined as described by Greenway
and Storey (1999). Increase in NADPH or decrease in NADH were followed by
monitoring the absorbance at 340 nm. All assays were made in triplicate at room
temperature and initiated by mixing the enzyme buffer with 20 μl homogenate in a 220
μl total microplate-well volume. Absorbance was measured using a BioTek microplate
reader (BioTek Instrument). All enzymatic measurements were related to the total
protein concentration of each sample.
2.3.3. AMPK phosphorylation
For each oyster pool, 90 µg of protein lysate was denatured by Laemmli solution (0.6 M
Tris-HCl, 1 ml glycerol, 10% w/v SDS, 0.5 ml 0.1% w/v bromophenol blue, 0.5 ml -
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mercaptoethanol) and loaded onto 10%/SDS/polyacrylamide gel. Proteins were then
transferred to a PVDF membrane (Biorad) for immunodetection on western-blot.
Immunodetection was performed as described in Guévélou et al. (2013) with a rabbit
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monoclonal anti-phospho-threonine 172 AMPKα antibody (dilution 1:1000; CST
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#2535; Ozyme, Cell Signaling Technology). To ensure for cross-reactivity of such
heterologous antibody, Cell Signaling Technology technical services blasted and
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confirmed that the antigenic region of this commercially available anti-phosphothreonine 172 AMPKα antibody was present at 100 % in the C. gigas protein (Cell
Signaling Technology; personal communication). Blots were then revealed using an
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HRP-linked secondary goat anti-rabbit antibody (dilution 1:5000) and a HRP detection
kit (Biorad). The relative amount of protein detected was quantified using MULTIANALYST software (Biorad), with the background signal removed. The value obtained

MA

is expressed in OD/mm2 and represents the band intensity expressed as mean count per
pixel, multiplied by the band surface. To ensure that identical amounts of total protein
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samples were loaded into the gels, membranes were dehybridized after visualization and

TE

signals quantified by incubation for 1 h at room temperature in dehybridizing buffer
(100 mM glycine, 100 mM NaCl pH 3.2), and rehybridized with an anti-histone H3

et al. (2009).
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2.4. Statistics
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antibody (dilution 1:5000; # 9175; Cell Signaling Technology), as described in Fabioux

Effects of sanitary status (exposed vs naïve), temperature and their interaction onto the
protein, carbohydrate and neutral lipid levels, as well as for measured enzyme activities
were analyzed by two-way analysis of variance (ANOVA). Normal distribution of data
was checked by Kolmogorov-Smirnov test and homogeneity of variances evaluated
using Levene’s test. Data for CS, PK and HK activities utilized in statistical analysis
were ln+1 transformed to achieve homogeneity of variances. All statistical analyses
were performed using SPSS 19 software. Significance level threshold was set at p <
0.05.
3. RESULTS
3.1. Protein and carbohydrate content
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Protein and carbohydrate contents varied as a function of temperature × sanitary status
of oysters (Figure 1a, 1b respectively, Table 1). Protein and carbohydrate content of
naïve oysters increased by 30% with temperature. In contrast, in exposed oysters, these
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two proxies decreased slightly (although not significantly) with increasing temperature
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(Figure 1a, 1b). It is noteworthy that at 20.6°C, a temperature compatible with disease
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mortality of oysters, carbohydrate level was lower in exposed relative to naïve oysters.
3.2. Lipid class

Triacylglycerol (triglycerides) significantly varied as a function of temperature and
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sanitary status of oysters (Figure 1c, Table 1). Exposed oysters had 54 and 33% less
triglycerides than naïve ones at 13 and 20.6ºC respectively. Level of triglycerides

MA

increased with rising temperatures in the same manner for both exposed and naïve.
None of tested factors had a significant effect on the free fatty acid concentration of
tissues (Figure 1d, Table 1). Finally, only sanitary status was found to be significant for
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measured sterols levels (Figure 1e, Table 1). In this case, and as it was observed for the
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triglycerides content, exposed oysters displayed lower values than naïve individuals.
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3.3. PK, HK, AMPK and CS activities
Overall, PK activity did not change with temperature and sanitary status of oysters
(Figure 2a, Table 1). Although HK activity between exposed and naïve oysters
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maintained at 13°C and 20.6°C was found to be non-significant, (Figure 2b, Table 1),
p-values were close to significance (p=0.085) since exposed oysters tended to have
higher HK activities (2.7 mU mg-1 protein) than naïve individuals (1.5 mU mg-1
protein). As observed for HK, the AMPK THr172/histone H3 (Figure 2c, Table 1) and
CS activity (Figure 2d, Table 1) was generally higher in exposed oysters maintained at
both 13°C and 20.6°C, however this difference was not significant.
4. DISCUSSION
The present study investigates the physiological changes of C. gigas oysters exposed to
a pathogen responsible for mass mortalities. Pacific oysters that had been bred and
reared under controlled conditions and then transferred to a farming area where
mortalities were occurring became positive for detection of OsHV-1 DNA μVar (Petton
et al., 2013). As a result, groups of these ‘exposed’ animals suffered high mortalities.
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The advantage of our protocol is that we avoided high-dose intramuscular injection of
pathogens, which may short-circuit some potentially important lines of defense and
disturb normal host immune response. Exposed oysters were naturally infected in the
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field, and the disease they contracted is clearly the one related to the mass mortality
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phenomenon that occurred in the field.
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Overall, at 20.6°C, levels of carbohydrate and triglycerides in exposed oysters which
exhibited 54% mortality were lower than those in naïve oysters which showed no
mortality. Utilization of energy reserves is a common feature related to infectious
responses in bivalves (Genard et al., 2013; Pernet et al., 2012, 2014; Plana et al., 1996).
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Recent studies show that bivalves exposed to pathogenic bacteria allocate a part of their
energetic reserves to sustain immune, antioxidant and cytoprotection processes (Genard
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et al., 2013). For example, oyster larvae exposed to pathogenic Vibrio coralliilyticus
had lower triacylglycerol and protein content, the two main energetic reserves in bivalve
larvae, and higher abundance of transcripts of antioxidant enzymes and immune-related
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proteins than healthy larvae (Genard et al., 2013). Therefore, differences in energetic
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reserves between exposed and naïve oysters in the present study may reflect differences
in the cost of immune response and disease expression. Alternatively, these energetic
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reserves may also be used for the synthesis of macromolecules that are used in virus
assembly, as previously reported for triglycerides (Diamond at al., 2010; Lerat et al.,
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2009).

Protein content of naïve animals increased with temperature while in exposed oysters,
the inverse pattern was observed. Proteins have been reported to be utilized as an
energetic source during starvation, overwintering or in lean oysters (Whyte et al., 1990).
Indeed, it is a common feature among mollusks subjected to nutritional stress (Laing,
1993; Lane, 1986; Du and Mai, 2004; Albentosa et al., 2007; Liu et al., 2010; Telahigue
et al., 2013). Protein mobilization in bivalves generally occurs after the depletion of
glycogen (see references above). Such preferential utilization of glycogen respect to
proteins is seen as a mechanism of protection against the loss of a structural component
of the animal (Lane, 1986). Therefore, the use of proteins as an energetic fuel by
exposed oysters in present experiments reflects the profound scope of the disease,
capable of mimicking food deprivation periods. Proteins may be used in exposed
oysters for producing energy or for the synthesis of molecules used in virus assembly.
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Carbohydrate content of naïve oysters increased with temperature, while in exposed
oysters, carbohydrate reserves decreased with increasing temperature from 13.0°C to
20.6°C, a temperature where disease mortality of oysters occurred. This interaction
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effect on carbohydrate reserves was not accompanied by changes in key enzyme
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activities of the glycolysis (HK, PK). This result suggests that although carbohydrate
content decreased in exposed oysters at 20.6°C when disease occurred, its utilization
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was maintained at the same rate as in naïve animals. Additionally, AMPK, showed
similar levels in exposed and naïve oysters. Since AMPK is the sensor of the energetic
status of the cell in vertebrates (Hardie, 2011) and in C. gigas (Guevelou et al., 2013),
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these results indicate that exposed oysters were insensitive to decreasing reserves.
Exposed and naïve oysters exhibited similar levels of free fatty acids. Free fatty acids

MA

usually result from degradation of triglycerides or phospholipids by lipase (Derewenda,
1994; Sewell, 2005). Then, these free fatty acids enter the β-oxidation pathway to yield
acetyl-CoA which fuels the Krebs cycle to produce energy (Bartlett and Eaton, 2004;
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Agnihotri and Liu, 2003). Interestingly, this metabolic pathway has been recently been
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hypothesized to be activated in the case of C. gigas larvae infected with Vibrio
coralliilyticus (Genard et al., 2013). These authors showed that infected larvae exhibit
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lower level of triglycerides and higher level of free fatty acids than healthy larvae, likely
reflecting degradation of triglycerides by lipase. In our study, the fact that levels of free
fatty acids were similar in exposed and naïve oysters may reflect the possibility that

AC

fatty acids are intermediate metabolites rapidly used, and are therefore detected in trace
amounts regardless of disease expression.
Exposed and naïve oysters exhibited similar CS activity. By contrast, CS activity, which
generally correlates with respiration rate in marine invertebrates (Moran and Manahan
2004; Meyer et al., 2007), decreased during a disease mortality event in C. gigas larvae
(Genard et al., 2013). Similarly, CS activity decrease with the development of brown
ring disease symptoms in Manila clam Ruditapes philippinarum (Flye-Sainte-Marie et
al., 2007). However, in the Thau lagoon (Mediteranean sea, France), CS activity of
oysters in which OsHV-1 DNA was detected was similar to that of animals in which
OsHV-1 DNA was not detected (Pernet et al., 2012).
In our study, exposed oysters showed lower sterol content than naïve animals. Since
oysters cannot synthesize any sterol de novo (Teshima and Patterson, 1981; Trider and

ACCEPTED MANUSCRIPT
Castell, 1980), lower level of sterol in exposed oysters may reflect a decrease in their
capacity to acquire it from the diet. This suggests that food ingestion or absorption
might have been affected by pathogens. In support to this hypothesis, both R.
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philippinarum and C. gigas have been shown to diminish their ingestion rates when
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infected with bacteria from the genus Vibrio (Flye-Sainte-Marie et al., 2007; Genard et
al., 2013). Additionally, mussels infected by Martelia sp. exhibit lower absorption and
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higher food consumption than healthy animals (Anestis et al., 2010).

In conclusion, our data show that exposed oysters present a metabolic disorder at the
level of storage of energy reserves which could facilitate the herpesvirus expression at
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20.6°C. Virus have the ability to interrupt the normal functioning of cells, take control
of cell production machinery, utilize it to their own purposes (production of more virus),

MA

and escape hosts immune system detection (Hay and Kannourakis, 2002). Herpesvirus
have been recently shown in mammals as being capable to induce a Warburg like
effects by enhancing glucose uptake and glycolysis in infected cells (Warburg et al.,
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1924; Yu et al., 2011). It was recently reported that metabolic changes resembling the

TE

Warburg effect are induced by white spot syndrome virus (WSSV) in infected shrimp
(Chen et al., 2011). At the moment, the differential proteomic signature of infected and
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naïve oysters have been studied by means of 2D gels approach (Corporeau et al.,
submitted). Studies dealing with the regulation of the energetic metabolic pathways that
lead to the reserves depletion described in present manuscript at various different levels
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(gene and protein expression, i.e.) would be of high interest. Whether the metabolic
disorder observed in present experiments resemble the Warburg effect, in any case,
would need further research.
Acknowledgments
The authors thank all the staff involved in oyster production at Ifremer Argenton. This
work was supported by Ifremer (project “Surmortalité” 2010-11 coordinated by
Nathalie Cochennec-Laureau) and is part of the GIGASSAT project funded by ANRAGROBIOSPHERE N° ANR-12-AGRO-0001-01. David Tamayo was supported by the
grant "Programa Posdoctoral de Perfeccionamiento de doctores del Gobierno Vasco".
Thanks are given to Flavia Nunes, LEMAR, for the help provided in improving the
manuscript. Comments and suggestions of two anonymous reviewers have improved the
manuscript.

ACCEPTED MANUSCRIPT

AC

CE
P

TE

D

MA

NU

SC
R

IP

T

5. REFERENCES
Agnihotri, G., Liu, H.W., 2003. Enoyl-CoA hydratase: reaction, mechanism, and
inhibition. Bioorg. Med. Chem. 11, 9–20.
Albentosa, M., Fernández-Reiriz, M.J., Labarta, U., Pérez-Camacho, A., 2007.
Response of two species of clams, Ruditapes decussatus and Venereupis
pullastra, to starvation: Physiological and biochemical parameters. Comp.
Biochem. Physiol. B 146, 241–249.
Anestis, A., Pörtner, H.O., Karagiannis, D., Angelidis, P., Staikou, A., Michaelidis, B.,
2010. Response of Mytilus galloprovincialis (L.) to increasing seawater
temperature and to marteliosis: Metabolic and physiological parameters. Comp.
Biochem. Physiol. A 156, 57–66.
Bartlett, K., Eaton, S., 2004. Mitochondrial β-oxidation. Eur. J. Biochem. 271, 462–469.
Ben Kheder, R., Quere, C., Moal, J., Robert, R., 2010. Effect of nutrition on
Crassostrea gigas larval development and the evolution of physiological
indices. Part A: Quantitative and qualitative diet effects. Aquac. 305, 165–173.
Berthelin, C., Kellner, K., Mathieu, M., 2000. Storage metabolism in the Pacific oyster
(Crassostrea gigas) in relation to summer mortalities and reproductive cycle
(West Coast of France). Comp. Biochem. Physiol. B 125, 359–369.
Chen, I.T., Aoki, T., Huang, Y.T., Hirono, I., Chen, T.C., Huang, J.Y., Chang, G.D., Lo,
C.F., Wang, H.C., 2011. White spot syndrome virus induces metabolic changes
resembling the warburg effect in shrimp hemocytes in the early stage of
infection. J. Virol.85, 12919-12928.
Childress, J.J., Somero, G.N., 1979. Depth-related enzymic activities in muscle, brain
and heart of deep-living pelagic marine teleosts. Mar. Biol. 52, 273–283.
Clegg, T.A., Morrisey, T., Geoghegan, F., Martin, S.W., Lyons, K., et al., in press. Risk
factors associated with increased mortality of farmed Pacific oysters in Ireland
during 2011. Prev. Vet. Med.
Corporeau, C., Groisillier, A.s., Jeudy, A., Barbeyron, T., Fleury, E., Fabioux, C.,
Czjzek, M., Huvet, A., 2011. A functional study of transforming growth factorbeta from the gonad of Pacific oyster Crassostrea gigas. Mar. Biotech. 13, 971–
980.
Dégremont, L., 2011. Evidence of herpesvirus (OsHV-1) resistance in juvenile
Crassostrea gigas selected for high resistance to the summer mortality
phenomenon. Aquac. 317, 94–98.
Delaporte, M., Soudant, P., Lambert, C., Moal, J., Pouvreau, S., Samain, J.F.O., 2006.
Impact of food availability on energy storage and defense related hemocyte
parameters of the Pacific oyster Crassostrea gigas during an experimental
reproductive cycle. Aquac. 254, 571–582.
Derewenda, Z.S., 1994. Structure and function of lipases. Adv. Protein Chem. 45, 1–52.
Diamond, D.L., Syder, A.J., Jacobs, J.M., Sorensen, C.M., Walters, K.A., Proll, S.C.,
McDermott, J.E., Gritsenko, M.A., Zhang, Q., Zhao, R., 2010. Temporal
proteome and lipidome profiles reveal hepatitis C virus-associated

ACCEPTED MANUSCRIPT

AC

CE
P

TE

D

MA

NU

SC
R

IP

T

reprogramming of hepatocellular metabolism and bioenergetics. PLoS Pathog. 6,
e1000719.
Du, S.B., Mai, K.S., 2004. Effects of starvation on energy reserves in young juveniles of
abalone Haliotis discus hannai Ino. J. Shellfish Res. 23, 1037–1039.
Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A., Smith, F., 1956. Colorimetric
method for determination of sugars and related substances. Anal. Chem. 28,
350–356.
EFSA, 2010. Scientific opinion of the panel on animal health and welfare on a request
from the European commission on the increased mortality events in Pacific
oysters Crassostrea gigas. EFSA 8, 1894–1953.
Enríquez-Díaz, M., Pouvreau, S., Chávez-Villalba, J., Le Pennec, M., 2009.
Gametogenesis, reproduction investment, and spawning behavior of the Pacific
giant oyster Crassostrea gigas: evidence of an environment-dependent strategy.
Aquac. Int. 17, 491–506.
Fabioux C., Corporeau C., Quillien V., Favrel P., Huvet A., 2009. In vivo RNA
interference in oyster-vasa silencing inhibits germ cell development. Febs J. 276,
2566–2573.
Fleury, E., Huvet, A., 2012. Microarray analysis highlights immune response of Pacific
oysters as a determinant of resistance to summer mortality. Mar. Biotech. 14,
203–217.
Flye-Sainte-Marie, J., Pouvreau, S., Paillard, C., Jean, F., 2007. Impact of Brown Ring
Disease on the energy budget of the Manila clam Ruditapes philippinarum. J.
Exp. Mar. Biol. Ecol. 349, 378–389.
Folch, J., Lees, M., Stanley, G.H.S., 1957. A simple methods for the isolation and
purification of total lipids from animal tissues. J. Biol. Chem. 226, 497–509.
Garcia, C., Thébault, A., Dégremont, L., Arzul, I., Miossec, L., Robert, M., Chollet, B.,
François, C., Joly, J.P., Ferrand, S., 2011. Ostreid herpesvirus 1 detection and
relationship with Crassostrea gigas spat mortality in France between 1998 and
2006. Vet. Res. 42, 1–11.
Genard, B., Pernet, F., Lemarchand, K., Boudry, P., Moraga, D., et al., 2011.
Physiological and biochemical changes associated with massive mortality events
occurring in larvae of American oyster (Crassostrea virginica). Aquat. Living
Resour. 24, 247–260.
Genard, B., Miner, P., Nicolas, J.L., Moraga, D., Boudry, P., Pernet, F., Tremblay, R.,
2013. Integrative study of physiological changes associated with bacterial
infection in Pacific oyster larvae. PloS one 8, e64534.
González Araya, R., Mingant, C., Petton, B., Robert, R., 2012. Influence of diet
assemblage on Ostrea edulis broodstock conditioning and subsequent larval
development. Aquac. 364, 272–280.
Greenway, S.C., Storey, K.B., 1999. The effect of prolonged anoxia on enzyme
activities in oysters (Crassostrea virginica) at different seasons. J. Exp. Mar.
Biol. Ecol. 242, 259–272.
Guévélou, E., Huvet, A., Galindo-Sánchez, C.E., Milan, M., Quillien, V., Daniel, J.-Y.,
Quéré, C., Boudry, P., Corporeau, C., 2013. Sex-specific regulation of AMP-

ACCEPTED MANUSCRIPT

AC

CE
P

TE

D

MA

NU

SC
R

IP

T

activated protein kinase (AMPK) in the Pacific oyster Crassostrea gigas. Biol.
Reprod. 89, 1–15.
Hay, S., Kannourakis, G., 2002. A time to kill: viral manipulation of the cell death
program. J. Gen. Virol. 83, 1547–1564.
Hardie, D.G., 2011. AMP-activated protein kinase-an energy sensor that regulates all
aspects of cell function. Genes Dev. 25, 1895–1908.
Jolivel, A., Fleury, E., 2012. Analyse statistique des données de mortalité d´huîtres
acquises par l´Observatoire National Conchylicole (RESCO): Rennes 2
Agrocampus Ouest. 67 p.
Jouaux, A., Lafont, M., Blin, J.L., Houssin, M., Mathieu, M., Lelong, C., 2013.
Physiological change under OsHV-1 contamination in Pacific oyster
Crassostrea gigas through massive mortality events on fields. BMC Genomics
14, 590.
Laing, I., 1993. The response of Manila clam, Tapes phulippinarum, juveniles to
nutritive stress. J. Exp. Mar. Biol. Ecol. 173, 111–121.
Lane, J.M., 1986. Allometric and biochemical studies on starved and unestarved clams,
Rangza cuneata (Sowerby, 1831). J. Exp. Mar. Biol. Ecol. 95, 131–143.
Lerat, H., Kammoun, H.l.n.L., Hainault, I., Mérour, E., Higgs, M.R., Callens, C.l.,
Lemon, S.M., Foufelle, F., Pawlotsky, J.M., 2009. Hepatitis C virus proteins
induce lipogenesis and defective triglyceride secretion in transgenic mice. J.
Biol. Chem. 284, 33466–33474.
Liu, W., Li, Q., Gao, F., Kong, L., 2010. Effect of starvation on biochemical
composition and gametogenesis in the Pacific oyster Crassostrea gigas.
Fisheries Sci. 76(5), 737–745.
Martenot, C., Oden, E., Travaillé, E., Malas, J.P., Houssin, M., 2011. Detection of
different variants of Ostreid Herpesvirus 1 in the Pacific oyster, Crassostrea
gigas between 2008 and 2010. Virus Res. 160, 25–31.
Meyer, E., Green, A., Moore, M., Manahan, D., 2007. Food availability and
physiological state of sea urchin larvae (Strongylocentrotus purpuratus). Mar.
Biol. 152, 179–191.
Moran, A.L., Manahan, D.T., 2004. Physiological recovery from prolonged 'starvation'
in larvae of the Pacific oyster Crassostrea gigas. J. Exp. Mar. Biol. Ecol. 306,
17–36.
Paillard, C., Le Roux, F., Borreg, J.J., 2004. Bacterial disease in marine bivalves, a
review of recent studies: trends and evolution. Aquat. Living Resour. 17, 477–
498.
Paul-Pont, I., Dhand, N.K., Whittington, R.J., 2013. Spatial distribution of mortality in
Pacific oysters Crassostrea gigas: reflection on mechanisms of OsHV-1
transmission. Dis. Aquat. Org. 105, 127–138.
Peeler, E.J., Reese, R.A., Cheslett, D.L., Geoghegan, F., Power, A., et al., 2012.
Investigation of mortality in Pacific oysters associated with Ostreid herpesvirus1 µVar in the Republic of Ireland in 2009. Prev. Vet. Med. 105, 136–143.

ACCEPTED MANUSCRIPT

AC

CE
P

TE

D

MA

NU

SC
R

IP

T

Pernet, F., Barret, J., Marty, C., Moal, J., Le Gall, P., Boudry, P., 2010. Environmental
anomalies, energetic reserves and fatty acid modifications in oysters coincide
with an exceptional mortality event. Mar. Ecol. Prog. Ser 401, 129–146.
Pernet, F., Barret, J., Le Gall, P., Corporeau, C., Degremont, L., Lagarde, F., Pepin, J.F.,
Keck, N., 2012. Mass mortalities of Pacific oysters Crassostrea gigas reflect
infectious diseases and vary with farming practices in the Mediterranean Thau
lagoon, France. Aquac. Environ. Interact. 2, 215–237.
Pernet, F., Lagarde, F., Jeannée, N., Daigle, G., Barret, J., Gall, P.L., Quere, C.,
d´Orbcastel, E.R., 2014. Spatial and temporal dynamics of disease mortality in
oysters: the role of energetic reserves and food quality. PLoS ONE.
Petton, B., Pernet, F., Robert, R., Boudry, P., 2013. Temperature influence on pathogen
transmission and subsequent mortalities in juvenile Pacific oysters Crassostrea
gigas. Aquac. Environ. Interact. 3, 257–273.
Plana, S., Sinquin, G., Maes, P., Paillard, C., Le Pennec, M., 1996. Variations in
biochemical composition of juvenile Ruditapes philippinarum exposed by a
Vibrio sp. Dis. Aquat. Org. 24, 205–213.
Renault, T., 2011. A review of mortality outbreaks in the Pacific oyster, Crassostrea
gigas, reported since 2008 in various European Union Member States and the
related implementation of Council Directive 2008/88/EC. Bulletin OIE 4, 51–52.
Renault, T., Faury, N., Barbosa-Solomieu, V., Moreau, K., 2011. Supression
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.
Rico-Villa, B., Woerther, P., Mingant, C., Lepiver, D., Pouvreau, S., Hamon, M.,
Robert, R., 2008. A flow-though rearing system for ecophysiological studies of
Pacific oyster Crassostrea gigas larvae. Aquac. 282, 54–60.
Samain, J.F., McCombie, H., 2008. Summer mortality of Pacific oyster Crassostrea
gigas: the Morest Project. éditions Quae.
Saulnier, D., De Decker, S., Haffner, P., Cobret, L., Robert, M., Garcia, C., 2010. A
large-scale epidemiological study to identify bacteria pathogenic to Pacific
oyster Crassostrea gigas and correlation between virulence and metalloproteaselike activity. Microb. Ecol. 59, 787–798.
Sauvage, C., Pépin, J.F., Lapègue, S., Boudry, P., Renault, T., 2009. Ostreid herpes
virus 1 infection in families of the Pacific oyster, Crassostrea gigas, during a
summer mortality outbreak: Differences in viral DNA detection and
quantification using real-time PCR. Virus Res. 142, 181–187.
Segarra, A., Pépin, J.F., Arzul, I., Morga, B., Faury, N., Renault, T., 2010. 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.
Sewell, M.A., 2005. Utilization of lipids during early development of the sea urchin
Evechinus chloroticus. Mar. Ecol. Prog. Ser. 304, 133–142.
Soletchnik, P., Razet, D., Geairon, P., Faury, N., Goulletquer, P., 1997. Ecophysiology
of maturation and spawning in oyster Crassostrea gigas: metabolic (respiration)

ACCEPTED MANUSCRIPT

AC

CE
P

TE

D

MA

NU

SC
R

IP

T

and feeding (clearance and absorption rates) responses at different maturation
stages. Aquat. Living Resour. 10, 177–185.
Soletchnik, P., Faury, N., Goulletquer, P., 2006. Seasonal changes in carbohydrate
metabolism and its relationship with summer mortality of Pacific oyster
Crassostrea gigas (Thunberg) in Marennes-Oléron bay (France). Aquac. 252,
328–338.
Teshima, S., PAtterson, G.W., 1981. Sterol biosynthesis in the oyster, Crassostrea
virginica. Lipids, 16, 234–239.
Telahigue, K., Hajji, T., Rabeh, I., El Cafsi, M., 2013. The effect of starvation on the
biochemical composition of the digestive gland, the gonads and the adductor
muscle of the scallop Flexopecten glaber. Food Nutr. Sci. 4, 405–413.
Trider, D.J., Castell, J.D., 1980. Effect of dietary lipids on growth, tissue composition
and metabolism of the oyster (Crassostrea virginica). J. Nutrition 110, 1303–
1309.
Warburg, O., Posener, K., Negelein, E., 1924. The metabolism of cancer cells.
Biochem. Z. 152, 319–344.
Whyte, J.N.C., Englar, J.R., Carswell, B.L., 1990. Biochemical composition and energy
reserves in Crassostrea gigas exposed to different levels of nutrition. Aquac. 90,
157–172.
Yu, Y., Clippinger, A.J., Alwine, J.C., 2011. Viral effects on metabolism: changes in
glucose and glutamine utilization during human cytomegalovirus infection.
Trends Microbiol. 19, 360–367.

ACCEPTED MANUSCRIPT
CAPTIONS

IP

T

Figure 1. Protein (a) carbohydrate (b), triacylglycerol (TAG; c), free fatty acids (FFA;
d), and sterol (ST; e) content (µg per mg of tissues) in exposed (black) and naïve
(white) Crassostrea gigas maintained at 13°C and 20.6ºC. Values are means ± SD (n=2
replicate tanks). Different letters indicate significant differences (n.s.; not significant
difference).
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Figure 2. Pyruvate kinase activity (PK; mU per mg of protein) (a), hexokinase activity
(HK; mU per mg of protein) (b), AMPK content (AMPK; AMPK THr172 : histone H3)
(c), and citrate synthase activity (CS; mU per mg of protein) (d) in exposed (black) and
naïve (white) Crassostrea gigas maintained at 13°C and 20.6ºC. Values are means ± SD
(n=2 replicate tanks). Different letters indicate significant differences (n.s.; not
significant difference).
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df
1
1
1
4

MS
76.8
305.0
512.0
13.4

SS
76.8
305.0
512.0
53.5

F
5.7
22.8
38.3

p
0.075
0.009
0.003

Carbohydrates

Sanitary status
Temperature
Interaction
Error

1
1
1
4

0.099
0.104
5.298
0.459

0.099
0.104
5.298
1.837

0.216
0.225
11.535

0.667
0.660
0.027

Triacylglycerols

Sanitary status
Temperature
Interaction
Error

1
1
1
4

3.458
21.451
4.999 × 10-5
0.039

3.458
21.451
4.999 × 10-5
1.357

10.197
63.250
1.474 × 10-4

0.033
0.001
0.991

Free fatty acids

Sanitary status
Temperature
Interaction
Error

1
1
1
4

1.12 × 10-4
0.009
0.015
0.010

1.12 × 10-4
0.009
0.015
0.041

0.011
0.881
1.481

0.922
0.401
0.290

Sterols

Sanitary status
Temperature
Interaction
Error

1
1
1
4

0.174
0.061
0.039
0.022

0.174
0.061
0.039
0.089

7.814
2.750
1.760

0.049
0.173
0.255

Sanitary status
Temperature
Interaction
Error

1
1
1
4

0.416
0.001
0.339
0.154

0.416
0.001
0.339
0.615

2.707
0.005
2.202

0.175
0.945
0.212

HK

Sanitary status
Temperature
Interaction
Error

1
1
1
4

0.317
0.030
0.001
0.061

0.317
0.030
0.001
0.244

5.211
0.496
0.020

0.085
0.520
0.895

AMPK THr172 :
histone H3

Sanitary status
Temperature
Interaction
Error

1
1
1
4

0.811
0.073
0.134
0.301

0.811
0.073
0.134
1.204

2.693
0.241
0.445

0.176
0.649
0.541

CS

Sanitary status
Temperature
Interaction
Error

1
1
1
4

0.654
0.006
0.061
0.184

0.654
0.006
0.061
0.737

3.548
0.034
0.331

0.133
0.863
0.596
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Temperature
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Error
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Table 1. Summary of two-factor ANOVA testing significant effects of oyster sanitary
status (exposed and naïve) and exposition temperature of Crassostrea gigas spat (n=2)
on: protein content (µg/mg of tissues), carbohydrate content (µg/mg of tissues),
triacylglycerols (µg / mg of tissues), free fatty acids (µg / mg of tissues), sterols (µg /
mg of tissues), transformed pyruvate kinase activity (ln+1) (PK; mU / mg of protein),
transformed hexokinase activity (ln+1) (HK; mU / mg of protein), AMPK THr172 :
histone H3 and transformed citrate synthase activity (ln+1) (CS; mU / mg of protein)

