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Abstract

Since 2008, massive mortality outbreaks associated with OsHV-1 detection have been reported in Crassostrea gigas
spat and juveniles in several countries. Nevertheless, adult oysters do not demonstrate mortality in the field related
to OsHV-1 detection and were thus assumed to be more resistant to viral infection. Determining how virus and
adult oyster interact is a major goal in understanding why mortality events are not reported among adult Pacific
oysters. Dual transcriptomics of virus-host interactions were explored by real-time PCR in adult oysters after a virus
injection. Thirty-nine viral genes and five host genes including MyD88, IFI44, IkB2, IAP and Gly were measured at 0.5,
10, 26, 72 and 144 hours post infection (hpi). No viral RNA among the 39 genes was detected at 144 hpi suggesting
the adult oysters are able to inhibit viral replication. Moreover, the IAP gene (oyster gene) shows significant up-regulation
in infected adults compared to control adults. This result suggests that over-expression of IAP could be a reaction to
OsHV-1 infection, which may induce the apoptotic process. Apoptosis could be a main mechanism involved in disease
resistance in adults. Antiviral activity of haemolymph against herpes simplex virus (HSV-1) was not significantly
different between infected adults versus control.
Introduction
In 1972, virus particles morphologically similar to herpesvi-
ruses were first reported in an invertebrate, the Eastern oys-
ter, Crassostrea virginica, from the USA [1]. Since then, the
new family Malacoherpesviridae in the order Herpesvirales
has been created in order to include a virus named ostreid
herpesvirus type 1 (OsHV-1) infecting different bivalve spe-
cies [2-4]. OsHV-1 is reported in mass mortality outbreaks
observed among Pacific oysters less than one year old [5-8].
Considering the economic importance of shellfish culture,
tools have been previously developed for rapid virus detec-
tion [5,9-12] and the OsHV-1 genome has been fully se-
quenced from purified virus particles [3].
Since 2008, mass mortality outbreaks (with rates of up

to 80%) were reported in C. gigas spat and juveniles in
Europe, New Zealand and Australia [13-15] and were as-
sociated with virus variants [16-18]. The role of OsHV-1
in these mortalities has been underlined by experimental
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infection of C. gigas spat with viral suspension [19,20].
These abnormal mortalities have not occurred among
C. gigas adults in France. Nevertheless, virus DNA and
proteins can be detected in adult oysters in the ab-
sence of mortality [21,22]. Similar observations were
reported in vertebrate herpesviruses such as channel
catfish virus (CCV) in channel catfish adults [23], or
Oncorhynchus masou virus in salmonid adults [24]. In
vertebrates, the strategies that herpesviruses use to infect
cells during lytic or latent infection have been studied
intensively [25]. However, Information on these aspects of
infection by OsHV-1 is rudimentary.
Oysters have an efficient defense mechanism based on

innate immunity. Studies have demonstrated that the
immune system of C. gigas is capable of recognizing
virus infection with resulting variations in expression of
genes involved in virus recognition, signaling and im-
munity, that is Myeloid Differentiation factor 88, IkB2,
Interferon-induced protein 44, Glypican and apoptosis
inhibitor [26-29]. Due to the lack of molluscan cell
lines for culturing OsHV-1, antiviral activities of mol-
lusks are often tested against another virus, using a plaque
assay [28,30-32]. Crassostrea gigas heamolymph contains
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a compound(s) that inhibits herpes simplex virus type 1
(HSV-1) replication in Vero cells [28,30,31]. To date, in-
vestigations into in vitro antiviral responses of C. gigas
after an OsHV-1 infection have not been undertaken.
Although experimental protocols have been developed

recently to reproduce the viral infection in laboratory
conditions [19,20] the dynamic processes of infection
have not been studied in experimental conditions at the
adult stage.
In this context, adult oysters appear as animals of

interest to study host and OsHV-1 interactions. Based
on previous observations adult oysters are assumed to
be more resistant to viral infection.
In this study, we explored what happens in adult

oysters after a virus injection through monitoring
mortality, antiviral activities and viral and oyster gene
expression.

Material and methods
Animals and experimental infection design
Two families of Pacific oysters, Crassostrea gigas, with
different genetic backgrounds were used in this study.
Two families, A1 and A2, were produced using different
genitors (one male and one female for each family) in
the Ifremer facilities located in La Tremblade (Charente
Maritime, France) in 2010. They were characterized by
high survival rates during their first year of life when
spat were reared in the field [33]. Experimental infec-
tions were carried out using oysters from both families
(two years old, 6 cm in length for A1 and 19 months
old, 4 cm in length for A2). For each family, 240 oysters
were “anaesthetized” during 4 h in a solution containing
magnesium chloride (MgCl2, 50 g/L) in seawater (1 v)/
distilled water (4 v) [34]. One hundred μL of an OsHV-1
(μVar [16]) suspension at 1.106 copies of viral DNA/μL
were injected into the adductor muscle of 120 oysters
per family [19,20]. Similarly, 120 adults from each family
were injected with 100 μL of sterile artificial seawater as
controls. Pacific oysters were then placed in four tanks
(30 oysters per tank/condition) containing 5 L of filtered
seawater (1 μm) at 22 °C. One tank per condition was
dedicated to survival record and the three other were
dedicated to sample collection. The absence of bacterial
contamination of the viral suspension was tested before
each challenge. The viral suspension was spread onto a
Petri dish which contained marine agar and no bacteria
were observed.
Twenty oyster spat (7 months old, 3 cm in length)

were simultaneously injected in order to confirm that
the virus suspension was infectious and mortality was
monitored without sample collection. Spat were pro-
duced at the Ifremer facilities (La Tremblade, Charente
Maritime, France) from wild oysters which were col-
lected from the Marennes-Oléron Bay in January 2011.
Mortality was monitored during a period of 144 h and
cumulative mortality was defined daily for each condi-
tion (oysters infected with OsHV-1 or injected with ster-
ile artificial seawater).

Plasma and tissue sample collection
For both families (A1 and A2), haemolymph was col-
lected from six live oysters with a sterile syringe (1 ml,
Terumo) from the pericardial cavity and pooled for each
tank, condition and family. These samples were collected
at 0.5, 10, 26, 72 and 144 hours post-infection (hpi).
Haemolymph pools were centrifuged at 300 rpm during
10 min at 4 °C then filtered at 0.22 μm in order to study
antiviral activity. All plasma samples (without haemo-
cytes) were stored at −80 °C.
Two pieces of mantle were sampled from two live in-

dividuals per tank (6 individuals per time/condition)
from both families. A piece of mantle (50 to 100 mg)
was disposed in a tube containing 1 mL of TRIZOL®
Reagent™ (Ambion®) and frozen at −80 °C for further
RNA extraction. The second piece of mantle was dir-
ectly frozen at −20 °C for DNA extraction.

DNA and RNA extraction and cDNA synthesis
DNA extraction was performed using a QiAamp tissue
mini kit® (QIAgen) according to the manufacturer’s proto-
col. Elution was performed in 100 μL of AE buffer pro-
vided in the kit.
Total RNA was extracted using TRIZOL® Reagent™

(Ambion®) according to the manufacturer’s recommen-
dation. Total RNA was treated with Turbo™ DNAse
(Ambion®) to remove genomic DNA. The RNA quality
and quantity were determined using NanoDrop 2000
(Thermo Scientific) and Bioanalyser 2100 (Agilent).
First-strand cDNA synthesis was carried out using the
SuperScript ® III First-Strand Synthesis System (Invitrogen)
using 8000 ng of treated RNA. Reactions lacking RT were
performed after each DNAse treatment using real-time
PCR in order to control the absence of oyster and/or virus
genomic DNA.

OsHV-1 DNA quantification
Viral DNA quantification was carried out by real-time
PCR in duplicate using a Mx3000 Thermocycler (Agilent)
according to previously described protocols [11,35]. Amp-
lification reactions were performed in a total volume of
20 μL to study oyster gene or viral gene expression. Each
well contained 5 μL of DNA, 10 μL of Brillant III Ultra-
Fast SYBR® Green PCR Master Mix (Agilent), 2 μL of each
primer (3 μM) and 1 μL 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. Melting curves were plotted (55–95 °C) in order to
ensure that a single PCR product was amplified for each
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set of primers. Negative controls (without DNA) were
included to rule out DNA contamination.

Gene expression analysis
Real-time RT PCR was used to follow 39 viral genes [35]
and five host genes. In both cases, the protocol was the
same as that previously described with 5 μL of cDNA di-
lution (1/30) instead of genomic DNA.

Viral gene expression
Viral RNA detection was performed only for family
A2. Normalized relative viral gene expression levels
were calculated for each individual using the formula:
F = log10[(E + 1)40-Ct/N] adapted from de Decker et al.
[36], where E is efficiency of each primer couple [35],
Ct (threshold cycle) corresponds to the PCR cycle
number, N is the maximal number of viral DNA cop-
ies/μL of total DNA detected minus the number of
viral DNA copies/μL of total DNA determined by abso-
lute real time PCR for each individual and Ct = 40 is arbi-
trarily considered to correspond to “no Ct” obtained by
real-time PCR.

Host gene expression
Expression of five oyster immune related genes was
monitored only from family A2 by real-time PCR: mye-
loid differentiation factor 88 (MyD88), NF kappa-B in-
hibitor cactus (IKB2), interferon-induced protein 44
(IFI44), glypican (Gly) and Baculoviral apoptosis in-
hibitor repeat-containing protein 2 (IAP) genes [29].
The relative quantification value (ratio R) was calculated
as described in Segarra et al. [29] using the method de-
scribed by Pfaffl [37].
Host gene expression was normalized to that of elong-

ation factor I (EF), as no significant differences of Ct
values were observed for this housekeeping gene between
several conditions during the course time (CV = 2.2%,
Kruskal-Wallis test Z = 0.10, p > 0.9). The calibrator used
for the experiment was individual sampling at time 0.5 hpi
for family A2.

Cytotoxicity and antiviral activity of haemolymph against
HSV-1
Cytotoxicity and antiviral activity of oyster haemolymph
were monitored in vitro on Vero cells as previously de-
scribed [30,38]. HSV-1 titration was performed by the
limiting dilution method [39]. The HSV-1 stock had a
titer of 2.107,4 ID50/mL and MOI was 0.001 ID50/cell.
One hundred μL of African green monkey kidney cell
suspension (3.5 × 105 Vero ATCC CCL-81 cells/mL) di-
luted with MEM 8% FCS were distributed into the wells
of a 96 well plate. Cell suspensions were incubated with
50 μL of oyster haemolymph and/or 50 μL of HSV-1 cell
suspension (48, 72, and 90 h, 37 °C, 5% CO2) in Eagle’s
MEM containing 8% FCS. Triplicates of haemolymph
suspension were tested. This model is currently used for
the screening of antiviral molecules from marine or-
ganisms [40]. After 48, 72 and 96 h of incubation, anti-
viral activity was evaluated by the neutral red dye
method [41]. After shaking, optical density (OD) was
measured at 540 nm using a spectrophotometer (Spec-
traCountTM; Packard). Cell and HSV-1 controls were
run simultaneously. The antiherpetic compound acyclovir
[9-(2-hydroxyethoxymethyl) guanine] (Merck), 25 mg/mL
was used as a reference for HSV-1 inhibition.
The percentage of cytotoxicity was calculated as [(OD)

C − (OD)Oyster/(OD)C] × 100 where (OD)C and (OD)
Oyster were the OD values of the control cells (without
haemolymph or HSV-1) and treated cells with haemolymph,
respectively [42]. The antiviral activity was calculated by:
[((OD)OysterHSV-1 − (OD)HSV-1)/((OD)Oyster − (OD)
HSV-1)] × 100 where, (OD)OysterHSV-1 was the OD of
the test haemolymph with HSV-1, (OD)HSV-1 was OD
of HSV-1 infected control cells, (OD)Oyster was the
OD of the test haemolymph.

Data analysis
Kaplan-Meier survival curves and the Wilcoxon test
were used to characterize and compare survival between
adult oyster families A1 and A2, and spat.
CT were calculated with the Stratagene Mxpro soft-

ware 4.0. A heatmap was generated in order to repre-
sent the viral gene expression using the “heatmap”
package in R. Clustering of viral genes was performed
using the euclidean method. Results for relative ex-
pression of oyster genes were expressed as mean ±
standard error. A Mann–Whitney test was used to
analyze oyster gene expression.
Correlations between viral DNA amounts and antiviral

activity of haemolymph were tested with Spearman’s
nonparametric rho using the XLSTAT software (version
2013), and the results were declared statistically signifi-
cant at the two-sided 5% (i.e., P < 0.05).

Results
Mortality and virus DNA detection for A1 and A2
families
The respective mean survival rates of families A1 and A2
were 70% and 75% at 144 hpi (Kaplan-Meier, Figure 1).
The mean survival rates for oyster spat injected with the
same viral suspension was 0% at 144 hpi (Figure 1). Mor-
tality rates of infected adults (A1 and A2) were signifi-
cantly different from controls and infected spat (Wilcoxon
test, p < 0.05).
Although no mortality was observed in control adult

oysters (oysters injected with sterile seawater), viral
DNA was detected by real-time PCR in animals from
both families (A1 and A2) (Figure 2). For control adults,



Figure 1 Survival of Crassostrea gigas adult oysters, A1 and A2 families, versus spat oysters during an experimental infection with
OsHV-1. n = 30 oysters/condition. Controls were injected with artificial seawater.
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the mean OsHV-1 DNA amounts were 1.5 × 101 viral
DNA copies/ng of total DNA at 0.5 hpi from both fam-
ilies. Viral amounts increased and peaked at 10 hpi
(1.0 × 102 viral DNA copies/ng of total DNA) and 26 hpi
(9.1 × 102 viral DNA copies/ng of total DNA) in control
adults from families A1 and A2, respectively (Figure 2)
and decreased after these times. At later time points, the
mean viral DNA amount observed was estimated at less
than 10 viral DNA copies/ng of total DNA in A1 and A2
controls (Figure 2).
Concerning adults injected with the OsHV-1 suspen-

sion, viral DNA amounts increased to reach 7.1 × 104

viral DNA copies/ng of total DNA at 10 hpi and 8.9 × 105

viral DNA copies/ng of total DNA at 26 hpi in A2 and A1,
respectively (Figure 2). At the end of the challenge, the
viral DNA amounts were significantly different (p < 0.005)
between both families. The viral amounts decreased
Figure 2 Virus DNA detection curves by real time quantitative PCR in
represent ± standard deviation.
during the challenge to reach < 10 and 8.8 × 103 viral
DNA copies/ng of total DNA at 144 hpi in A2 and A1,
respectively (Figure 2).

Dual transcriptomics of OsHV-1 and oyster genes in the
family A2
Family A2 was selected in view of few viral DNA
amounts detected at the end of the challenge. The ex-
pression levels of 39 OsHV-1 genes were studied by
real-time PCR in the mantle. The 39 selected genes were
selected in previous studies based on the literature and/or
their predicted functions [3,35]. The fold change of −7
(blue) consisted of no viral transcript detection, while −3
(yellow) consisted of highly expressed genes. No viral
RNA was detected before the experimental infection (data
not shown) and the first viral RNA was observed at 0.5,
10, 26 and 72 hpi (Figure 3).
adult oyster families A1 and A2. Average n = 6. Error bars



Figure 3 Heatmap illustrating the viral expression levels of 39 genes of OsHV-1 at different post infection time points in family A2. C1,
C2 and C3 correspond to clusters of viral genes. Colors represent the fold change, blue and yellow denote low and high expression respectively.
Rows are 39 viral genes and each column represents an individual (n = 6 per time). The full list of genes is available in Segarra et al. [29].

Figure 4 Means of viral gene expression for each cluster. Different
lowercase letters indicate significant differences (Mann–Whitney
test, p < 0.05) between clusters. Error bars represent ± standard
deviation.
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Differences in terms of gene expression levels were ob-
served between individuals collected at the same time.
Although few transcripts were detected at 0.5 and 72
hpi, we observed clearly an up regulation of almost all
virus genes in three individuals at 10 hpi (Fold change =−3)
(Figure 3). About half of the viral genes were expressed at
26 hpi in all individuals. Finally, no transcripts were detected
in all individuals at 144 hpi (Figure 3). Virus transcripts were
grouped by the Euclidean method to produce a dendrogram
comparing the expression levels of the 39 ORF. Three clus-
ters were observed: one group of highly expressed genes
(C1), one group of moderately expressed genes (C2) and
one group of low expressed genes (C3) (Figure 4). No sig-
nificant difference was observed between C1 and C2
clusters. Nevertheless, genes included in the C3 cluster
were significant up-regulated compared to other genes
(Mann–Whitney, p < 0.05) (Figure 4).
Concerning the five selected oyster genes, only three

showed significantly different expressions between con-
trol adults and oysters injected with OsHV-1: IFI44 at
26, 72 and 144 hpi, Glypican at 144 hpi, and IAP at 10,
26, 72 and 144 hpi (Figure 5). Among these three genes,
only IFI44 gene expression was down regulated at 26, 72
and 144 hpi in infected oysters compared to controls
(p < 0.05). The two other genes were over-expressed.
The IAP expression level decreased during the experi-
mental infection but remained up regulated in infected
oysters compared to controls (Figure 5).



Figure 5 Relative expression for family A2 by real time PCR of five selected oyster genes. (MyD88: myeloid differentiation factor 88, IkB2:
Inhibitor of nuclear factor kappaB kinase beta, IFI44: Interferon induced protein 44, Gly: Glypican and IAP: Inhibitor of apoptosis) at 10, 26, 72 and
144 hpi. White boxplots: non-infected oysters; grey boxplots: infected oysters. Expression levels were normalized to EF (mean ± SD, n = 6). Controls
are arbitrarily assigned to a value of 1. *Significant difference of gene expression compared to controls by Mann–Whitney test.

Segarra et al. Veterinary Research 2014, 45:103 Page 6 of 10
http://www.veterinaryresearch.org/content/45/1/103
Antiviral activity of haemolymph against HSV-1
Acyclovir (5 and 1 μg/mL) conferred high protection
(95%) against HSV-1 with a low cell destruction (10%)
(data not shown). For both families, antiviral activity of
haemolymph with or without OsHV-1 stimuli was not
significantly different at 48, 72 or 90 h incubation of
Vero cells (Figures 6A and B). Moreover, the average
cytotoxicity activity ranged from 20 to 35% for both fam-
ilies (data not shown). The lowest cytotoxicity rate was
observed for a cell incubation period of 48 h in family
A2. Positive correlation between viral DNA amounts
and antiviral activity was observed only for control and
infected oysters with OsHV-1 in family A2 after 90 h of
Vero cell incubation (rho = 0.7, p < 0.05) (Figure 6B).

Discussion
Adult oysters do not demonstrate mortality in the field
related to OsHV-1 detection. They were thus assumed
to be more resistant than juveniles to viral infection
[21,43]. However as Pacific oysters do not show macro-
scopic symptoms before dying during the course of
OsHV-1 infection, it remains difficult in the absence of
mortality reports to know whether adults are susceptible
to infection. Searching for viral DNA, RNA and proteins
is one way to explore this question. Although Arzul
et al. [21] demonstrated that viral DNA and proteins
could be detected in apparently healthy adult oysters
collected in the field, the development of the viral infec-
tion has never been studied in experimental conditions
in the adult stage. An experimental protocol has been
recently developed to reproduce the viral infection in
oyster spat [19]. This protocol was used in the present
study to explore what happened in adult oysters. Adults
appear as a development stage of interest to inform (i) if
the host is less susceptible at the adult stage than at
younger stages, (ii) how adult oysters are able to manage
the viral infection or (iii) what type of infection occurs
in adults (i.e. acute versus persistent infection).
Recently, a study was performed to follow OsHV-1

gene expression in oyster spat [35]. Authors showed that
viral transcripts were less expressed after 72 hpi in less
susceptible oysters compared to highly susceptible ones
[29]. Here, similar results were observed in adults after
injection of a virus suspension with a prior increase of
OsHV-1 DNA amounts and viral RNA expression
followed by decreases at 72 hpi and 144 hpi. These re-
sults suggested that the virus was able to replicate in
adult oysters. However, adult oysters also demon-
strated a strong ability to control the viral infection in
the tested conditions. In the present study, we report a
potentially reproducible experimental model of OsHV-
1 infection in adult Pacific oysters. This experimental
model described shows that, during the acute phase of
OsHV-1 infection, multiple viral genes were abundantly
expressed resulting in large amounts of viral DNA and as-
sociated mortality in infected oysters. However after the
acute phase, viral DNA was present but with undetectable
viral gene expression. Moreover, the amounts of viral
DNA detected were much lower than those detected in
the acute phase and no mortality was recorded. These



Figure 6 Antiviral activity kinetic of adult oyster haemolymph stimulated or not stimulated with OsHV-1 for family A1 (a) and family
A2 (b) at different times in relation to HSV-1 infection of Vero cells. Blue bars, 48 h of Vero cell incubation with heamolymph and HSV-1
virus; Grey bars, 72 h of Vero cell incubation with heamolymph and HSV-1 virus and orange bars, 90 h of Vero cell incubation with heamolymph
and HSV-1 virus. The viral DNA quantification is presented by black curves.
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results suggest that OsHV-1 DNA could be maintained
at a low copy number during the phase following the
acute phase of infection. This has previously been re-
ported for persistent (and latent) infections in other
herpesviruses [44].
Moreover, adult oysters used in the present study were

positive for OsHV-1 DNA detection before the virus
challenge. It consolidates the idea that adults may play
the role of reservoirs for OsHV-1 as previously hypothe-
sized [21,45].
Questions were thus opened about the status of the
virus in adult oysters: (i) low level of virus replication re-
lated to an effective immunity or (ii) true latency involv-
ing the expression of a small number of viral genes.
Three hypotheses could be proposed to explain the

lack of detection of viral transcripts in adults before the
virus challenge and at 144 hpi. Firstly, the single tissue
selected in the present study (mantle) to detect OsHV-1
RNA may not be the best one to search for viral RNA in
cases of chronic infection related to low virus replication
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or true latency. Although the mantle has been previously
demonstrated as a site of high replication in naturally
and experimentally infected spat [10,19,20], few data are
available for adult oysters. Vertebrate herpesviruses are
able to maintain more than one type of persistent infec-
tion at the same time and in different cell types. For ex-
ample, chronic infection by the Epstein-Barr virus (EBV)
has been observed in pharyngeal epithelial cells whereas
in the same individual it latently infected B lymphocytes
[46,47] and herpes simplex virus (HSV) can undergo a
lytic or latent infection in different cell types [48].
Therefore, in one individual, persistent infection with a
single virus may involve multiple types of persistence.
Secondly, 39 viral genes were selected among the 124

from the virus genome and we could have missed those
mainly involved in true latency. Finally, viral multiplica-
tion or latency could be related to levels of virus gene
expression below the threshold of detection by real-time
PCR. In HIV infection, antiviral treatment can reduce
plasma and lymph node RNA levels below the level of
detection of sensitive assays for nucleic acid [49].
Studies have demonstrated that the immune system of

C. gigas spat is capable of recognizing virus infection
with resulting variations in expression of genes involved
in virus recognition, signaling and immunity such as
Myeloid Differentiation factor 88, IkB2, Interferon-induced
protein 44, Glypican and apoptosis inhibitor [26-29]. In the
current study, only three of the five selected oyster genes
showed significant differences between experimentally in-
fected oysters and control ones: IFI44, Glypican and IAP.
Previous research has demonstrated that IFI44, a member
of the IFN inducible gene family, was strongly up-regulated
in heamolymph of infected juvenile oysters at 24 and 48
hpi [26], and in the mantle of infected spat oysters at 4, 12,
26, 72 and 144 hpi [31]. Here, IFI44 was significantly
down-regulated in adults after virus injection at 26, 72 and
144 hpi compared to control adults. Differences may be re-
lated to the operation of different defense mechanisms de-
pending on the development stage, spat versus adults.
Moreover, Pacific oysters studied in the present study were
identified as infected (viral DNA detection) before experi-
mental infection and it is possible that the immune re-
sponses to OsHV-1 infection differ in primary infection
and reinfection. Results reported concerning MyD88 ex-
pression were in accordance with results previously re-
ported in experimentally infected spat [29]. In vertebrates,
this gene was described as an essential adaptor protein in
the Toll/IL-1 receptor family signaling pathways [50]. Al-
though MyD88 gene was demonstrated to be up-regulated
during OsHV-1 infection before mortality occurred
[26,51], Segarra et al. [29] showed no significant differ-
ence concerning MyD88 expression level between sur-
viving spat after virus injection and control oysters at 72
and 144 hpi. These results suggested that up-regulation of
MyD88 gene is more a marker of infection than a marker
of effective immunity.
Our data also show that Glypican was up-regulated in

infected oysters versus controls only at 144 hpi. Segarra
et al. [29] previously reported that Glypican expression
was also up-regulated in surviving oyster spat at 144 hpi
compared to controls. Glypicans belong to a family of
heparan sulfate proteoglycans that are linked to the cell
surface by a glycosylphosphatidylinositol (GPI) anchor.
Glypicans play important roles in cellular growth, devel-
opment [52], proteolysis and apoptosis [53,54].
In agreement with previous studies [29], our results also

show that the IAP gene was up-regulated during viral in-
fection compared to controls. Over-expression of IAP
could be a reaction to the apoptotic process induced by
OsHV-1 infection. The capacity of adult oysters to inhibit
and control the apoptotic process could be essential for
survival. Indeed, it has been proposed that high mortality
rates affecting shrimp during viral infections could be re-
lated to a non-regulated apoptosis process [55].
Future research based on protein expression is now

needed to confirm these results. Another experiment is
currently in progress in the laboratory to analyze expres-
sion and tissue distribution of viral and host proteins
using specific antibodies. In the current study, we mea-
sured antiviral activity of the haemolymph in adults after
OsHV-1 injection in order to stimulate the antiviral re-
sponse and the production of antiviral molecules. We
can presume that adult oysters are able to maintain an
effective immunity through antiviral activities. Since no
marine bivalve cell lines are available, studies have evalu-
ated antiviral activity in aquatic invertebrates using heter-
ologous cell lines including Vero cells [30,32,56-58]. Other
studies [28,30,31,59,60] reported the presence of antiviral
activities against different viruses in haemolymph of mar-
ine molluscs including the Pacific oyster, C. gigas, and
showed higher anti-HSV-1 activity during the summer
[30,61]. Here, we observed a positive correlation between
viral DNA amounts and antiviral activity levels at 90 h of
incubation from both conditions for family A2. Viral activ-
ities observed in control animals could be explained by
OsHV-1 infection before challenge.
We can assume that the heterologous model needs to

be improved in order to obtain a suitable model for
screening oysters for potential antiviral activities against
OsHV-1. For the first time, mortality was reported in
adults in experimental conditions. We show that OsHV-
1 was able to replicate at this stage of development. The
decrease of viral transcript levels during the course of
the assay suggests that adult oysters were able to manage
the viral infection and control its replication.
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