
Autophagy plays an important role in protecting
Pacific oysters from OsHV-1 and Vibrio

aestuarianus infections
Pierrick Moreau,1 Kevin Moreau,2 Am�elie Segarra,1 Delphine Tourbiez,1 Marie-Agn�es Travers,1 David C Rubinsztein,2

and Tristan Renault1,*
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Recent mass mortality outbreaks around the world in Pacific oysters, Crassostrea gigas, have seriously affected the
aquaculture economy. Although the causes for these mortality outbreaks appear complex, infectious agents are
involved. Two pathogens are associated with mass mortality outbreaks, the virus ostreid herpesvirus 1 (OsHV-1) and the
bacterium Vibrio aestuarianus. Here we describe the interactions between these 2 pathogens and autophagy, a
conserved intracellular pathway playing a key role in innate immunity. We show for the first time that autophagy
pathway is present and functional in Pacific oysters and plays an important role to protect animals from infections. This
study contributes to better understand the innate immune system of Pacific oysters.

Introduction

Since 2008, the oyster aquaculture industry, which mainly
relies on the production of the Pacific oyster, Crassostrea gigas,
has been affected by mass mortality outbreaks in France and
Europe. In 2008, mass mortality of Pacific oysters aged one year
or less, occurred simultaneously on the majority of French pro-
duction sites. These young oysters were decimated by 40% to
100% depending on the site and groups while older animals
were less affected.1-3 Mortality outbreaks of French oyster spat
then recurred every year. Oysters sampled during mortality
events showed high levels of detection of ostreid herpesvirus 1
(OsHV-1) DNA, a virus from malacoherpesviridae family and a
particular genotype of OsHV-1 was described for the first time in
2008 and named mVar.2,4,5 This is a major concern for the future
of all participants in the oyster industry. In addition, in 2012 and
2013, a bacterium, Vibrio aestuarianus has been reported in
French Pacific adult oysters suffering high mortality outbreaks.
In experimental conditions, isolates of Vibrio aestuarianus also
induced significant mortality in oysters initially healthy.6,7

In the context of mass mortality outbreaks, there is an urgent
need to better understand the immune system of oysters in order
to potentially find new ways to control OsHV-1 and V. aestuaria-
nus infections. Pacific oysters live in open marine waters and are
directly exposed to pathogens. They also lack an adaptive
immune system. Conventional vaccination is therefore not an
option to protect them against infections. As a consequence,
most strategies currently used for other farmed animal species
(e.g., cattle, fish) cannot be directly applied to Pacific oysters.
The few promising approaches to limit the harmful effect of
pathogens in oyster production mainly rely on defining applica-
ble ways to stimulate the oyster immune system and selecting
more resistant animals.8

We studied autophagy, a well-conserved pathway, as it plays
an important role in innate immunity.9-11 Autophagy is an intra-
cellular degradation pathway that is highly conserved from yeast
to plants and animals.12,13 More than 30 genes have been
involved in autophagy called ATG for autophagy-related.14,15

In the first steps of autophagosome formation, a portion of
cytoplasm is surrounded by a unique double-membraned,
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cup-shaped structure called the phagophore.13,16 Autophago-
somes result from the extension and fusion of the edges of the
phagophore.13,16 Ultimately, autophagosomes fuse with lyso-
somes (in metazoan cells) or vacuoles (in yeast and plant cells).
The inner membrane of the autophagosome and the cytoplasm-
derived materials contained in the autophagosome are then
degraded by lysosomal/vacuolar hydrolases. Autophagy has been
extensively studied in higher eukaryotes and its role in pathogen
degradation (bacteria and viruses) has been well described.9-11,17

However, little is known about autophagy in molluscs,18-20 and
autophagy has never been described in the Pacific oyster, C. gigas.
The recent publication of Pacific oyster genome,21 has opened
up new possibilities to study innate immunity and particularly
autophagy.

In this study, we show that ATG genes are present in the
Pacific oyster genome. Oyster ATG genes appear to be closer to
human genes than those found in Drosophila or C. elegans. We
also show that the autophagy pathway plays a role in protecting
Pacific oysters from OsHV-1 and V. aestuarianus infections, and
autophagy stimulation is associated with oyster survival. Interest-
ingly, we observe that Pacific oyster families, which have low or
high susceptibility to OsHV-1 or V. aestuarianus infections, did
not modulate autophagy with the same amplitude. This study
shows for the first time a protective role of autophagy against
OsHV-1 and V. aestuarianus infections in Pacific oysters in
experimental conditions and suggests a potential strategy to fight
against these infections by selecting animals that have high
autophagy induction potential.

Results

Autophagy in Pacific oyster
A phylogenetic analysis was carried out and showed that genes

involved in autophagosome formation (ATG genes) are present
in the Pacific oyster genome (Fig. 1). Many of them share simi-
larities with human autophagy genes (ATG4/APG4/APG4A/
AUTL2; ATG5/APG5/APG5L; ATG7/APG7/APG7L; BECN1/
ATG6/Beclin1/VPS30; ATG9A/APG9L1/APG9A; ATG16L1/
APG16L/ATG16L; ATG1/ULK1/ATG1A/unc-51-like kinase 1;
LC3/Atg8/LC3/LC3A/MAP1ALC3/ATG8E; Fig. 1). Most of the
oyster ATG genes presented higher homologies to human genes
than those of model organisms such as Drosophila melanogaster
and Caenorhabditis elegans (Fig. 1). Only ATG1, a serine/threo-
nine-protein kinase, involved in early steps of autophagosome
formation, showed divergence compared to human ULK1
(Fig. 1). Among these ATG genes, ATG8/LC3 is important, as its
cleaved and lipidated protein product (LC3-II) decorates the
autophagosomes and the protein level of lipid-conjugated Atg8/
LC3 (LC3-II) correlates with the number of autophagosomes
present inside the cells.12 A glycine residue at position 120 in the
oyster LC3 protein is present suggesting that the LC3 conjuga-
tion system is functional (Fig. 2A).

By western blot, we observed the presence of 2 bands when
using a specific antibody against LC3, corresponding to LC3-I
and LC3-II, as previously described in the literature.12 To

confirm the specificity of LC3-II band and to test if autophagy
pathway was functional, oysters were treated with a nontoxic con-
centration of ammonium chloride (NH4Cl), which impairs auto-
phagosome degradation by preventing autophagosome-lysosome
fusion (Fig. 2B, S1A and S1B). LC3-II accumulated dramatically
in NH4Cl treated conditions (Fig. 2B). To confirm that NH4Cl
treatment caused an accumulation of autophagosomes, we per-
formed transmission electron microscopy. We observed a dra-
matic accumulation of vesicular structures that had the
appearance of autophagosomes in NH4Cl treated animals com-
pared to the control (Fig. 2C). These data (western blot and
transmission electron microscopy) highly suggested that autoph-
agy flux is present in oysters. Moreover, autophagosome forma-
tion was induced in oysters using carbamazepine, which has
previously been shown to induce autophagy.22 As seen in
Fig. 2D, carbamazepine-treatment caused an accumulation of
LC3-II in the presence and absence of NH4Cl, indicating an
induction of autophagy.

OsHV-1 infection and autophagy
To test the role of autophagy during OsHV-1 infection, dif-

ferent approaches were used. We first analyzed the levels of LC3-
II by western blot and observed an increase in LC3-II in experi-
mentally infected oysters (in mantle tissue) in the presence or
absence of NH4Cl, suggesting that viral infection triggered
autophagy (Fig. 3A and B). As oyster groups with different
degrees of mortality after viral infection were available,23 the sur-
vival of animals with different susceptibility to OsHV-1 infection
was monitored in NH4Cl treated condition (F39; Fig. 3C).
NH4Cl treatment in experimentally infected oysters increased
mortality in both groups compared to OsHV-1 condition
(Fig. 3C). NH4Cl treatment only (without viral infection) did
not induce any mortality of oysters. By contrast, animals treated
with carbamazepine showed less mortality upon experimental
infection in both tested oyster groups (Fig. 4A). Also, animals
cultivated without food for 4 wk (starvation, a primordial
autophagy stimulus) have better survival upon OsHV-1 infec-
tion, compared to fed animals (Fig. S2A and S2B). Importantly,
in the presence of NH4Cl, the starved animals have lower survival
during OsHV-1 infection, suggesting that the benefits of starva-
tion are autophagy-dependent (Fig. S2B).

To understand the role of NH4Cl and carbamazepine
during experimental viral infection, viral DNA, which correlates
with viral replication, was quantified 20 h post-infection. No
change was observed in viral DNA levels in NH4Cl treated ani-
mals in comparison with control oysters, while a decrease
was observed in carbamazepine-treated condition (Fig. 4B).
These data suggest that autophagy may participate in virus degra-
dation when stimulated. This has been recently suggested in
mammalian cells where autophagy stimulation enhances viral
clearance.24,25

ATG genes are expressed differently between different oyster
groups challenged with OsHV-1

In the same experiment, we performed real-time PCR to
analyze the expression of ATG genes (ATG1, ATG8, and
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BECN1; Fig. 5). Expression of ATG1 and ATG8 were downre-
gulated upon early time points of infection in highly susceptible
animals (Fig. 5). BECN1 was downregulated but at a later time
point (26 h). In contrast, we observed that ATG1 and BECN1
were upregulated at 8 h and 12 h postinfection in low suscepti-
ble animals (Fig. 5). After a phase of induction of ATG1 and
BECN1 expression, there was a decrease or a return of

expression back to control conditions 72 h postinfection
(Fig. 5). These data suggest that sensitive animals were less effi-
cient to induce autophagy when infected by OsHV-1 compared
to more resistant animals. Moreover, there may be a feedback
regulation of autophagy gene expression in low susceptible ani-
mals consistent with decrease of viral DNA during the time
course of the experiment.23

Figure 1. Autophagy in Pacific oyster. Phylogenetic trees of Atg/ATG proteins.
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Figure 2. Autophagy flux in Pacific oyster. (A) Sequence alignement and glycine conservation in position 120; cleavage model of Atg8 and association
with a phosphatidylethanolamine. (B) LC3 western blot after contact with NH4Cl, during 20 h. (C) Transmission electron microscopy examination of
oyster mantle 20 h post NH4Cl treatment or seawater (control condition). (D) LC3 western blot after contact during 20 h with carbamazepine and
NH4ClCcarbamazepine to show autophagy flux in Pacific oysters.
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Vibrio aestuarianus infection and
autophagy

In addition to OsHV-1, V. aestuaria-
nus is associated with mortality out-
breaks in Pacific oysters. Thus, the effect
of V. aestuarianus infection on autoph-
agy was explored. We observed a
decrease of LC3-II in the presence of
NH4Cl, suggesting that this bacterium
may inhibit autophagy (Fig. 6A). As
observed with OsHV-1 infection, Pacific
oyster families show different suscepti-
bility to V. aestuarianus infection and for
a single family, susceptibility to the viral
infection can differ from its susceptibil-
ity to the bacterial infection. In the sur-
vival assay, we observed that NH4Cl
treatment increased oyster mortality
upon bacterial infection whereas carba-
mazepine treatment protected the ani-
mals in both high and low susceptible
groups in experimental conditions
(Fig. 6B). These data suggest that
autophagy plays a protective role against
both V. aestuarianus and OsHV-1 infec-
tions. When measuring bacterial DNA
content, we observed a dramatic increase
in NH4Cl treated conditions and a clear
decrease in carbamazepine conditions
20 h post-infection (Fig. 6C). These
data suggest that autophagy could
degrade bacteria and that inhibition of
autophagy lead to fatal bacterial
infection.

Discussion

Autophagy is an important pathway involved in the mainte-
nance of cellular homeostasis. Perturbations of autophagy have
been associated with several diseases, such as neurodegenerative
diseases, diabetes, cancers, and infectious diseases.12,13,26

Autophagy is an important regulator of innate immunity as it
helps clear pathogens and control the inflammatory response.9-
11,17 As current information indicates that oysters do not develop
acquired immunity,27 we decided to study autophagy as it might
represent a major defense against pathogens. The recent publica-
tion of the Pacific oyster genome allowed us to observe that ATG
genes are conserved in oysters.21 Using phylogenetic tools, ATG
genes from Pacific oysters showed greater similarities to their
human orthologs compared to those in Drosophila melanogaster
or Caenorhabditis elegans. We also observed that the autophagy
pathway appears functional in oysters, as seen by the presence of
the membrane-bound form of LC3 (LC3-II) by western blot,
which is associated with autophagosomes, and also as seen by the

accumulation of LC3-II when oysters were treated with NH4Cl
that inhibits autophagosome-lysosome fusion, therefore accumu-
lating autophagosomes. LC3 is primarily a cytosolic protein
(called LC3-I). During autophagosome formation, LC3-I is
cleaved by ATG4 to expose a glycine residue at its C terminus at
position 120, which allows its conjugation to phosphatidyletha-
nolamine (PE), which is mediated by ATG7 and ATG3 (Fig
2A).13,16 The LC3 moiety is conjugated to PE on autophagoso-
mal precursor membranes. Moreover, autophagy can be stimu-
lated in oysters by a treament with carbamazepine, a known
autophagy inducer.22 These data highly suggest that there is an
autophagy flux in oysters, meaning that autophagosomes can be
formed and fuse with lysosomes where their content can be
degraded. Transmission electron microscopy examination con-
firmed these data as we observed a dramatic accumulation of
vesicular structures that look like autophagosomes in NH4Cl
treated animals compared to the control. The 2 autophagy mod-
ulators used in this study appeared to inhibit (NH4Cl) or induce

Figure 3. OsHV-1 infection induces autophagy. (A) LC3 western blot 20 h postinfection with different
conditions (uninfected and infected without NH4Cl; uninfected and infected with NH4Cl). (B) Quantifi-
cation of LC3 corresponding to western blot (A). (C) Survival curves of 2 oyster group (Bri and F39)
during OsHV-1 infection with or without NH4Cl. Note that no mortality was observed in uninfected
animals.
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(carbamazepine) autophagy so we used these compounds for the
rest of our analysis to modulate autophagy.

We examined the role of autophagy during experimental
infections, using 2 pathogens that have been associated with high
mortalities during the last decade, a virus from malacoherpesviri-
dae family called OsHV-1 and a bacterium belonging to the Vib-
rio genus, Vibrio aestuarianus. Our data suggest that autophagy
may play a protective role in oysters against OsHV-1 and Vibrio
aestuarianus infections as seen by survival assay when autophagy
was inhibited by NH4Cl treatment or induced by carbamazepine
or by starvation. These data need to be interpreted with the
caveat that these compounds have autophagy-independent
actions via multiple targets. However, the protection observed
when we used starvation or carbamazepine treatment was

abolished when we treated the animals
with NH4Cl, suggesting that the effects
of these treatments were autophagy-
dependent.

Results obtained by western blot
highly suggest that autophagy is induced
during OsHV-1 infection and inhibited
(NH4Cl condition) during Vibrio aes-
tuarianus infection. More work is
required to understand the different
interactions between OsHV-1 and Vibrio
aestuarianus with autophagy. However,
this will be limited by the lack of classical
tools. There is no oyster cell line that can
be used to produce OsHV-1 in vitro.
However, we observed a clear decrease of
bacterial DNA when autophagy was
stimulated and an increase when autoph-
agy was inhibited, suggesting that bacte-
ria are cleared by autophagosomes. In
the context of OsHV-1 infection, we
observed a decrease of viral DNA when
autophagy was stimulated, but no
increase when autophagy was inhibited,
suggesting that viral particles may be
cleared when autophagy is induced.
These data illustrate the different rela-
tionships that exist between pathogens
and the autophagy pathway that has
been extensively studied in mammalian
cells.9-11,17 For example, pathogens such
as viruses and bacteria use the autophagy
pathway for their own benefit (replica-
tion niche, nutrient supply). This is the
case for viruses like Influenza A virus,
coxsackievirus B3, dengue virus, and bac-
teria such as Yersinia, Coxiella.10,28–30

Conversely, autophagy can clear viruses
and bacteria and are an important
part of the immune response. This is
the case for viruses such as Sindbis
virus, a-herpesvirus, and vesicular

stomatitis virus and bacteria such as Shigella, Salmonella, and
Mycobacteria.10,28-30

Finally, mortality outbreaks are often observed during spring
and summer where concentrations of algae, which represent the
main source of energy for oysters, are elevated. It is well known
that starvation is a potent stimulus of autophagy. Thus, it would
of interest to analyze if there is a correlation between food supply,
autophagy, and mortality outbreaks knowing that starvation pro-
tects oysters from OsHV-1 infection.

In conclusion, we show for the first time that autophagy is
conserved and functional in Pacific oysters and autophagy is an
important defense mechanism against 2 pathogens, OsHV-1 and
Vibrio aestuarianus, associated with mortality outbreaks that
affect oyster economy.

Figure 4. Autophagy plays protective role during OsHV-1 infection. (A) Survival curves of 2 oyster fam-
ilies (H4 and H18) during OsHV-1 infection with or without NH4Cl and with or without carbamazepine.
(B) Viral DNA quantification 20 h postinfection in both families (H4 and H18). Note that no mortality
was observed in uninfected animals.
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Materials and Methods

Pacific oysters
Within the framework of the European project Bivalife (FP7,

2011–2014), 45 biparental families of Pacific oysters, C. gigas,
were produced at Ifremer’s facilities (LGPMM, La Tremblade)
in order to obtain biological material presenting contrasted sus-
ceptibilities to different pathogens, including OsHV-1 and V.
aestuarianus. Six of the 45 biparental families were selected on
the basis of their susceptibility to the viral infection in experimen-
tal conditions, as well as their susceptibilities to the bacterial
infection. Four families (F39, H4, F22, and H44) had moderate
mortality rates and one family (H18) presented high mortality
rates after experimental OsHV-1 infection. Family F39 presented
high mortality rates and family F7 presented moderate mortality
rates after experimental V. aestuarianus infection. cDNA from 2
other families (Family A with low mortality rates; Family P with
high mortality rates after experimental OsHV-1 infection)
already used in a previous study,23 were used for ATG gene
expression.

Another group of animals was also used. They were produced
at Ifremer’s facilities located in Argenton (Brittany). This oyster
group (Bri) presented high mortality rates after experimental
OsHV-1 infection.

Phylogenetic analysis
Phylogenetic analysis was performed on ATG protein sequen-

ces derived from the Pacific oyster genome and genomes of
model organisms using 3 computational approaches (Neighbor-
Joining (NJ) method; Maximum Likelihood; Maximum Parsi-
mony). Bootstrap data sets (1000 replicates) were generated. All
approaches were implemented using the MEGA5 program.

Antibodies and reagents
Antibodies used in this study include rabbit anti-LC3B (Cell

Signaling Technology, LC3A/B 4108) for western blotting, rab-
bit anti-actin (Sigma-Aldrich; A4700) and mouse anti-a-tubulin
(Sigma-Aldrich, T9026). Reagents also include ammonium chlo-
ride (NH4Cl) (Sigma-Aldrich, 09718) and carbamazepine
(Sigma-Aldrich, 94496 Fluka).

Modulation of autophagy
To inhibit autophagosome degradation, oysters were treated

with NH4Cl at 1 mM during 20 h in aquariums (3 L). To
induce autophagy, oysters were treated with carbamazepine at
0.1 mM during 20 h in aquariums (3 L). For starvation experi-
ment, oysters were put in aquariums (50 L of seawater) without
food during 4 wk (Fig. S2).

Transmission electron microscopy
After fixation in 3% glutaraldehyde in 0.2 M cacodylate

buffer (pH 7.2), mantle pieces of oysters were treated as previ-
ously described.31 Ultrathin sections stained with uranyl acetate
and lead citrate were examined with a JEOL JEM 1200EX trans-
mission electron microscope (http://www.lehigh.edu/»inmicro/
1200EX.html) at 80 kV.

Viral infection: intramuscular injection of OsHV-1
suspension

Two hundred and 10 oysters were “anesthetized” during 4 h
in a solution containing magnesium chloride (MgCl2, 50 g/L) in
seawater (1 v)/distilled water (4 v).3 One hundred mL of a
OsHV-1 (mVar genotype,2,4) suspension at 1 £ 104 copies of
viral DNA/mL were injected into the adductor muscle and oys-
ters placed in tanks containing 3 L of filtered seawater (1 mm) at
22�C without food supply (10 oysters per tank). Survival was
monitored during 5 d (experiment with F39 and Bri) or 6 d
(experiment with H4 and H18) after injection. Percentages of
cumulative survival were defined daily for the different condi-
tions (1) oysters injected with OsHV-1 suspension (2 tanks with
seawater, 2 tanks with seawater supplemented with NH4Cl at
1 mM, and 2 tanks with seawater supplemented with carbamaze-
pine at 0.1 mM), or (2) injected with sterile artificial seawater (2
tanks with seawater, 2 tanks with seawater supplemented with
NH4Cl at 1 mM, and 2 tanks with seawater supplemented with
carbamazepine at 0.1 mM). Dead oysters were removed from
tanks during the time course of the experiment. The experiment
was performed 3 times for all experiment with OsHV-1 (experi-
ment with F39 and Bri), except for experiments with families H4
and H18 (1 time). Oysters were less than 1-y-old for all
experiments.

The same protocol was used to test the effect of starvation on
oysters: percentages of cumulative survival were defined daily for
the different conditions (1) oysters injected with OsHV-1 sus-
pension (2 tanks with seawater, 2 tanks with seawater supple-
mented with NH4Cl at 1 mM, 2 tanks with seawater after
starvation treatement and 2 tanks with seawater supplemented
with NH4Cl at 1 mM after starvation treatement), or (2) injected
with sterile artificial seawater (2 tanks with seawater, 2 tanks with
seawater supplemented with NH4Cl at 1 mM, 2 tanks with sea-
water after starvation treatement and 2 tanks with seawater sup-
plemented with NH4Cl at 1 mM after starvation treatment).
Dead oysters were removed from tanks during the time course of
the experiment. The experiment was performed one time for
family H44 (by duplicate for each conditions), and 2 times for
family F22 (by triplicate for each conditions). Oysters were less
than 1-y-old for all experiments.

Bacterial infection: intramuscular injection of Vibrio
aestuarianus

Two hundred and 10 oysters were “anaesthetized” during 4 h
as described above. Fifty mL of a bacterial (V. aestuarianus 02/
041; purity and concentration suspension checked by plating)
suspension at 1 £ 104 bacterium/mL were injected into the
adductor muscle and oysters placed in tanks containing 3 L of fil-
tered seawater (1 mm) at 22�C without food supply (10 oysters
per tank). Survival was monitored during 6 d after injection and
percentages of cumulative survival were assessed daily for the dif-
ferent conditions (1) oysters injected with bacteria (2 tanks with
seawater, 2 tanks with seawater supplemented with NH4Cl at
1 mM, and 2 tanks of seawater with carbamazepine at 0.1 mM)
or (2) injected with sterile artificial seawater (2 tanks of seawater,
2 tanks of seawater with NH4Cl at 1 mM, and 2 tanks of
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seawater supplemented with carbamazepine at 0.1 mM). Dead
oysters were removed from tanks during the time course of the
experiment. The experiment was performed 3 times with V. aes-
tuarianus with families F39 and F7. Oysters were more than 1-y-
old for all assays.

Western blotting
A mantle piece (15 to 20 mg) was collected from each oyster

for all tested conditions 20 h postinfection. For each condition,
2 pools of 5 samples were analyzed. For each pool, a protein
extraction was carried out in 100 mL of cell extraction buffer
(Invitrogen, FNN0011). Initially, mechanical manual grinding
using pellet piston was performed and lysis on ice for 30 min in
cell extraction buffer with 1 mM PMSF and a protease inhibitor
cocktail (Sigma, P-2714). Lysates were centrifuged at 16,000 g
for 10 min at 4�C, and supernatant fractions were resolved by
SDS-PAGE and transferred to PVDF membranes. The mem-
branes were blocked with TBST (TBS, 0.1% Tween-20 [Sigma,
P2287]) containing 1% nonfat dry milk and were then incubated

overnight at 4�C with primary antibodies diluted in TBST.
Membranes were washed with TBST, incubated for 1 h at room
temperature with 2,500x dilutions of HRP-conjugated secondary
antibodies (GE Healthcare Bioscience; NA934 and NA931) in
TBST containing 1% nonfat dry milk, and washed. Immunore-
active bands were then detected using enhanced chemilumines-
cence (GE Healthcare Bioscience).

DNA extraction
Total DNA was extracted from tissue fragments (mantle)

using QiAamp tissue mini kit� (QIAgen, 51306) combined
with the use of the QIAcube automate, according to the
manufacturer’s protocol. Elution was performed in 100 mL
of AE buffer provided in the kit. The DNA quality and
quantity were determined using a NanoDrop 2000 instru-
ment (Thermo Scientific, http://www.nanodrop.com/Pro
ductnd2000overview.aspx). Extracted DNA was stored at
¡20�C or 4�C prior OsHV-1 detection and quantification
by real-time PCR.

Figure 5. ATG gene expression in different oyster populations challenged with OsHV-1 (Family A and Family P).
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Relative ATG genes expression from oysters
Relative expression of 3 ATG genes from C. gigas spat was

studied during experimental OsHV-1 infection at 4, 8, 12, 26 h
postinfection (hpi) for families A and P,23 and 72 and 144 hpi

for family P.23 The relative quantification value (ratio R) was cal-
culated using the method described by Pfaffl: R D [(Etarget)D
CTtarget(control-sample)]/ [(Eref)DCTref(control-sample)].32 The
efficiency of each primer pair was determined by constructing a

Figure 6. Autophagy protects oysters from Vibrio aestuarianus infection. (A) LC3 western blot 20 h postinfection with different conditions (uninfected
and infected without NH4Cl; uninfected and infected with NH4Cl), also quantification of LC3 protein corresponding at the different conditions of western
blot. (B) Survival curves of 2 oysters families (F39 and F7) during bacterial infection with or without NH4Cl and with or without carbamazepine. (C) Bacte-
rial DNA quantification 20 h postinfection in both families (F39 and F7). Note that no mortality was observed in uninfected animals.
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standard curve from serial dilutions (Table 1). These 3 genes
from Pacific oyster were (i) Serine/threonine-protein kinase atg1
(ATG1), (ii) The a and b isoforms of microtubule-associated
protein 1 light chain 3 (LC3A/B or ATG8), (iii) Beclin-1
(VPS30/BECN1) (Table 1). Host gene expression was normal-
ized to the elongation factor 1-a (EF1-a), as no significant differ-
ences of Ct values were observed for this housekeeping gene
between several conditions during the course time.23 The calibra-
tor used for the experiment were individuals sampled at time 0
hpi from each family.23

OsHV-1 DNA quantification by real-time PCR
OsHV-1 DNA quantification was carried out using a real-

time PCR protocol.33 Real-time PCR was performed in duplicate
using a Mx3000p Thermocycler sequence detector (Agilent,
401512). Amplification reactions were performed in a total vol-
ume of 20 mL. Each well contained 5 mL of genomic DNA
(5 ng/mL), 10 mL of Brillant III Ultra-Fast SYBR� Green Mas-
ter Mix (Agilent), 2 mL of each primer (5 mM: OsHVDPFor
50ATTGATGATGTGGATAATCTGTG30; 34

Five mM OsHVDPRev 50GGTAAATACCATTGGTCTT-
GTTCC30),34 and 1 mL of distilled water. Real-time PCR
cycling conditions were as follow: 3 min at 95�C, followed by 40
cycles of amplification at 95�C for 5 s, 60�C for 20 s. The results
were expressed as a log10 of the virus DNA copy number per ng
of total DNA.

Vibrio aestuarianus DNA quantification by real-time PCR
OsHV-1 DNA quantification was carried out using a real-

time PCR protocol.35 Real-time PCR TaqMan was performed in
duplicate using a Mx3000p Thermocycler sequence detector
(Agilent, 401512). Amplification reactions were performed in a
total volume of 20 mL. Each well contained 5 mL of genomic
DNA (5 ng/mL), 10 mL of 2X Mastermix Ultra-Fast Brillant III
(Agilent, 600880), 0.06 mL of each primer (100 mM: DNAj-F
and DNAj-R), 0.04 mL of DNAj probe (100 mM) and 4.84 mL
of distilled water. Real-time PCR cycling conditions were as fol-
low: 3 min at 95�C, followed by 40 cycles of amplification at

95�C for 10 s, 60�C for 20 s. The results were expressed as a
log10 of the bacterial DNA copy number per ng of total DNA.

Statistical analysis
Statistical analysis was performed using the Wilcoxon-Mann

Whitney test by statistical software R, to compare 2 groups. The
null hypothesis (H0) corresponding to the distribution of the
quantitative variable is the same in the groups. Significance was
set at P � 0.05 (*) and at P � 0.01 (***).

Significance levels for comparisons between groups were
determined with Student t tests, repeated-measure, factorial
ANOVA and LSD test, Test log Rank and/or Mann-Whitney
using the STATVIEW software, version 4.53 (Abacus Concepts,
Berkeley, CA, USA).

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

The authors wish to thank the Ifremer’s hatchery team
(LGPMM; Patrick Azema and Lionel Degremont for families H)
in La Tremblade and the nursery team (LSPC) in Bouin for the
production of Pacific oysters. We thank Anna Albecka-Moreau
for critical reading of the manuscript.

Funding

This work was partially funded through the EU project Biva-
life (FP7 KBBE, contract n�266157), the Poitou Charentes
Region and DPMA (Direction des pêches maritimes et de
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