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Abstract :

Since 2008, juvenile Crassostrea gigas oysters have suffered from massive mortalities in European
farming areas. This disease of complex etiology is still incompletely understood. Triggered by an
elevated seawater temperature, it has been associated to infections by a herpes virus named OsHV-1
as well as pathogenic vibrios of the Splendidus clade. Ruling out the complexity of the disease, most of
our current knowledge has been acquired in controlled experiments. Among the many unsolved
questions, it is still ignored what role immunity plays in the capacity oysters have to survive an infectious
episode. Here we show that juvenile oysters susceptible to the disease mount an inefficient immune
response associated with microbial permissiveness and death. We found that, in contrast to resistant
adult oysters having survived an earlier episode of mortality, susceptible juvenile oysters never exposed
to infectious episodes died by more than 90% in a field experiment. Susceptible oysters were heavily
colonized by OsHV-1 herpes virus as well as bacteria including vibrios potentially pathogenic for
oysters, which proliferated in oyster flesh and body fluids during the mortality event. Nonetheless,
susceptible oysters were found to sense microbes as indicated by an overexpression of immune
receptors and immune signaling pathways. However, they did not express important immune effectors
involved in antimicrobial immunity and apoptosis and showed repressed expression of genes involved in
ROS and metal homeostasis. This contrasted with resistant oysters, which expressed those important
effectors, controlled bacterial and viral colonization and showed 100% survival to the mortality event.
Altogether, our results demonstrate that the immune response mounted by susceptible oysters lacks
some important immune functions and fails in controlling microbial proliferation. This study opens the
way to more holistic studies on the “mass mortality syndrome”, which are now required to decipher the
sequence of events leading to oyster mortalities and determine the relative weight of pathogens, oyster
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genetics and oyster-associated microbiota in the disease.

Highlights

» Juvenile oysters susceptible to the disease mount an inefficient immune response associated with
microbial permissiveness and death. » Susceptible oysters were heavily colonized by OsHV-1 herpes
virus as well as bacteria including vibrios potentially pathogenic for oysters. » Adult oysters resistant to
the disease expresses important immune effectors, controlled bacterial and viral colonization and
survived to the mortality event.

Keywords : Host pathogen interaction, Innate immunity, Invertebrate, Mollusk, In situ mortality, Total
bacteria, Crassostrea gigas
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I ntroduction

Over the past twenty years, recurrent mortalityboeaks have been recorded in the
production ofCrassostrea gigas oysters [1, 2]. Since 2008, mortalities of higheimgity and
wide geographic distribution have massively affdgievenile stages [3-9]. It is recognized
that this mortality syndrome refers to a multifa@b disease highly dependent on

temperature which is the main environmental stresgmgering the disease [4, 10-13].
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This disease of complex etiology has motivated @athrnumber of studies and results
suggested that a combination of etiological agemtsch include a virus and bacteria, are
responsible for the disease [3, 4, 14-16]. Amomggththe most frequently incriminated are a
herpesviruses (OsHV-1 pVar) and pathogenic populatof vibrios of the Splendidus clade
[4, 16-20]. Recent works have demonstrated that\OsHbad correlated to oyster mortality
in the wild [3, 16, 21, 22]. However, the relatirade of the diverse pathogenic agents in the
disease development, their interaction patterns thed dynamics during pathogenesis in
natural environment are largely unknown, which nsaktee disease difficult to understand,
predict and control. Beside an obvious role fohpgens, the current literature shows that the
severity of thedisease is largely depended on host genetics agnbpfpic plasticity. On the
one hand, Azema al. showed that resistance to the disease is higgriient on the oyster
genetics (from 0 to 100% of mortality in controllednditions) and is a high heritable trait
[23]. On the other hand, a series of environmeaal developmental factors were shown to
affect disease expression over oyster lifespansé eclude oyster age, energetic reserves,
food quality and farming practices [11, 12, 24]atiB controlled laboratory experiments and
field experiments in which oysters were expose®siHV-1 showed that juvenile oysters
were more susceptible to the disease than adulis 48]. Consistently, oyster immune
capabilities were shown to change according toepydtvelopmental stages, abiotic stressors
(salinity, temperature and air exposure) and pahsgencountered (viruses and bacteria)
[27]. Particularly, experimental infections show#tht juvenile and adult oysters mount
distinct immune responses against viral and badtpathogens associated to the disease [25,
28]. This immune plasticity is probably underpinn®dthe diversity of immune genes, which
have been the subject of massive expansi@ gigas [27], but whose patterns of expression
remain poorly characterized.

For this reason, understanding the susceptibilitjueeniles to mass mortalities requires to
conduct field studies that take in account the eyshmune response to abiotic factors and
natural pathobiome. A few field studies have bedesady conducted, but it is still unknown
whether the susceptibility of juvenile oysters t@s® mortalities is due to an immature
immune system which would imperfectly sense pathseger an incapacity to mount an
appropriate immune response [21, 29]. In other wondderstanding the role of immunity in
the capacity of oysters to resist to the diseasaires an important question to address to get
deeper insight into this complex disease.

With that objective, we conducted here a field gtudwhich specific pathogen-free juvenile

oysters (8 months old), susceptible to the diseases immersed in an oyster farms of the
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Thau lagoon (south of France) during an episodeasds mortality. Adult oysters (18 months
old and having survived a previous infectious eggjonvere used as a resistant control. The
immune response of the susceptible juvenile oysted their colonization by microbes
including potential pathogens were monitored atr fome points before and during the
infectious episode and compared to that of thestasi oysters maintained in the same
environment. Results showed that the susceptildeeoy; which died by more than 90%, were
readily colonized by OsHV-1 and bacteria includinrios of the Splendidus clade during
the infectious episode, as opposed to the resisiaes which maintained a stable bacterial
load, controlled pathogens and survived. Transamigt analyses revealed that the susceptible
juvenile oysters mounted an inefficient immune cese which differed from the efficient
immune status of the resistant oysters. Altogetber,results show that the susceptibility of
juvenile oysters is related to inefficient immunesponses leading to microbial

permissiveness and death.

Materials and Methods

Oyster sampling during in situ mortality

Two different cohorts ofCrassostrea gigas oysters were used folin situ experimentation.
Firstly, 18 months old oyster were produced in J20@8 at the Ifremer oyster hatchery in La
Tremblade (Charente Maritime, France). They wemayed in Thau lagoon in March 2009
in a site impacted by oyster mortality (latitud8.379087; longitude: 3.571483). Secondly, 8
months old oysters were produced in August 200%hatIfremer oyster hatchery in La
Tremblade (Charente Maritime, France). Genitorsduseproduce the two oyster cohorts
were collected from the same location (La Trembld&tance). They were deployed the 12
March 2010 in the same site as the 18 months odtlers; In Thau lagoon, 8 months old
oysters were collected at four dates (April 6, 2@,and 29, shell length 153 mm) and 18
months old oysters were collected at one date [(AP®, shell length 62+9 mm). A
temperature monitoring was performed and mortalitiere recorded. For each date and for
each oyster cohort, oysters were sampled (wholeofiesh, 4 pools of 7 oysters) and snap-
frozen with liquid nitrogen and stored at °80until RNA and DNA extractions (for gene
expression analysis and pathogen quantificatiomavalvular fluid was collected from other
oysters for cytometry analysis (10 individual oystper condition, 100-400 ul per individual

fixed in 2% formalin (Sigma-Aldrich)), and six otheysters were collected to determine
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abundances of culturable bacteria. In addition,irenmental seawater was collected and
fixed in 2% formalin (Sigma-Aldrich) at each dataridg mortality (50ml) for cytometry
analysis, and sea water temperature was recordesty eday (autonomous CTD

multiparameter recorders, NKE Instrumentation).

RNA extraction and cDNA synthesis

RNA extraction was performed following the TRIzole&ent manual according to
manufacturer’'s instructions (Invitrogen) from frozeyster powder (Retsch, Mixer Mill

MM400 with liquid nitrogen). Frozen oyster powd@0(mg) was homogenized in 1 ml of
Trizol by vortexing between 1-2h at 4°C. Prior tgtraction, insoluble materials were
removed by centrifugation at 12000xg for 10min &€ 4Next, RNA samples were treated
with 5 units of DNase | (Invitrogen) to eliminateNB contamination, followed by heat
inactivation (10min at 65°C). Finally, RNA was pigtated with 100% isopropyl alcohol and
3 M Na-acetate, washed with 75% cold ethanol asdalived in 50 pl of RNase-free water.
Quantification and integrity of total RNA was chedkusing aNanoDrop spectrophotometer

(Thermo Fisher Scientific) and 1.5% agarose gedtedphoresis, respectively. Total RNA (3
Hg) was reverse transcribed in 20 ul using the KMeyoMurine Leukemia Virus Reverse

Transcriptase (MMLV-RT) according to manufacturenstructions (Invitrogen).

DNA extraction

For the genomic DNA (gDNA) extractions, 20 mg adZen oyster powder was homogenized
in 500ul of lysis buffer (100 mM NaCl, 10 mM Tris-HCI, 28M EDTA, 0.5% SDS and 0.1
mg/ml proteinase K, pH 8) for 4h at 50°C, followby phenol/chloroform extraction and
precipitation with 100% ethanol for 2h at -80°C.Ny® was spooled with a pipette tip and
washed in tubes containing 75% ethanol, vacuundddessolved in DNase-free water and
treated with RNAse (Invitrogen) 1 mg/ml for 30 manh 37°C. A second precipitation was
performed with 100% isopropyl alcohol and 3 M Natate and the gDNA pellet was
resuspended in DNase-free water. Quantificationiaredjrity of gDNA was checked using a
NanoDrop spectrophotometer (Thermo Fisher Scientific) andB%). agarose gel

electrophoresis, respectively.

Gene expression and pathogens quantification by quantitative PCR
gPCR analysis were performed for two objective$: fGr assessment of the relative

expressions of 88 genes of interest of the oysben byster cDNA, (ii) and for assessment of
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the relative abundance of two pathogens (OsHV-1\abdo splendidus) from oyster gDNA.
gPCR assays were carried out on the Light-Cyclér @gstem (Roche Diagnostics GmbH).
The ful-volume reaction consisted of 1X Light-Cycler 48@ster mix, 0.pM of each primer
(Eurogentec) andid of cDNA diluted at 1/8 in sterile ultra-pure wat®r gene expression
analyses, and 1 pl of gADN diluted at 20ng/ul ierig ultra-pure water for pathogen
guantifications. qPCR assays were performed iridafe, and primer pair efficiencies (E)
were calculated by five serial dilutions of pool#aNA or gDNA ranging from 1/2 to 1/64 in
sterile ultra-pure water, in duplicate with eachinyar pair. Primer pair efficiencies were
calculated from the given slopes in LightCyclertsaire according to the equation: E = 10[—
1/slope]. List of primers used to amplify the 88mome related genes and the three reference
genes and primers used to amplify the two pathod¢@ds31] and the reference gene are
presented irBupplementary table 1. g°PCR assays were submitted to an initial dentdmra
step of 15 min at 95°C followed by an amplificatioh the target cDNA (35 cycles of
denaturation at 95°C for 10s, annealing at 57°C2fits and extension time at 72°C for 25s)
and fluorescence detection. Relative expressiommafiune relative genes was calculated
using the 22" method [32], using the mean of the measured tbteéstycle (Ct) values of
three constitutively expressed gen€g-EF1 [GenBank AB122066]Cg-RPL40 [GenBank
FP004478] andCg-RPS6 [GenBank HS119070]) to normalize the measured Qiegaof
target genes. Moreover, relative abundance ofwloepathogens was obtained with the same
method but using a single copy encoded géhagigas bactericidal permeability-increasing
protein,Cg-bpi) as reference [GenBank: AY165040].

Total Bacteria quantification

Total bacterial cells were enumerated by flow cyétmy from intravalvular fluids of 10
individual oysters per condition and from enviromta seawater (previously fixed in
formalin 2%, Sigma-Aldrich) using SYBR Green | (Mollar Probes) according to the
protocol described by [33], modified by [34]. Saeglere analyzed using a FACS Calibur
flow cytometer (from 20ul per sample, Becton Didan) equipped with an air-cooled argon
laser (488 nm, 15 mW). Stained bacterial cellsjitedat 488 nm, were enumerated according
to their right angle light scatter (RALS) and grdkmorescence (FL1) and measured using a
530/30 nm filter. Fluorescent beads (1-2 um, Padysxes) were systematically added to each
sample to standardize the flow cytometer settimgs taue count beads (Becton Dickinson)
were added to determine the volume analyzed. Battalls tend to cluster into two distinct

fractions based on differences in individual cdéliofescence (related to their nucleic acid
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content) and in the side and forward light scasignal (related to their cell size). These
fractions are defined as HNA cells (high nucleicdamontent) and LNA cells (low nucleic
acid content), respectively [35, 36]. List-modegilwere analyzed using BD Cell quest Pro
software (Becton Dickinson).

Additionally, abundances of culturable bacteriawihole oyster flesh were determined by
CFU counting. Oysters were sacrificed and grounstenile seawater (10 mL/g of wet tissue).
The total culturable bacteria flora was quantifi@F~U/mg of tissue) from six individual

oysters using serial dilutions on Marine agar (BedDickinson, Difco).

Statistical analysis

To get a global vision during oyster mortality betmodulated oyster genes accordingnto
situ conditions, qPCR data of all differentially expged genes (one-way ANOVA<0.05,
Satistica software version 7.1) were analyzed hiegarchical clustering with Multiple Array

Viewer software (version 4.6.2, http://www.tm4.ongV/) using average linkage clustering

with Spearman rank correlation as the default dcstanetric.

Differences in microbial load between susceptilild sesistant oysters at each date during
mortality (pathogens, total bacteria in intravaérufluids, and culturable bacteria) were
determined by Mann—-Whitney U teg(.05, GraphPad Prism 6).

Results and discussions

Oyster mortalitieson field

In order to study oysters with contrasted phenaypemortality events, we used two
cohorts ofCrassostrea gigas oysters in field experiment. On the one hand, &tm® old
specific pathogen free oysters directly issued flatchery and susceptible to the disease [10]
were immersed in a farm of the Thau lagoon, soidtikrance a few days beforenaass
mortality event started (March 12 2010). One the other hand, 18 months old oytaving
survived an infectious episode one year beforeha same farm were used as resistant
controls. Mortalities were monitored on both cobat different time points and temperature
was measured all over the experiment. Mortalititartesd when seawater temperature
exceeded 16°C, which is considered the low thethmeshold forin situ mortality outbreak
[10, 11]. As expected from our experimental desiguortalities were observed only on 8
months old oysters exposed for the first time tordactious environment. A sharp rise in

mortality was observed, which reached 90% in only tveeks (from 1% to 29" of April)

7
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(Figure 1). Conversely, 18 months old oysters having sudvi@grevious infectious episode
were only marginally affected, as indicated by l#smn 5% cumulative mortality by the end
of the experimentigure. 1).

This is in line with previous observations showihgt OsHV-1-associated mortalities
affect preferentially spat and juvenile stages [23l,37]. It also agrees with a previous study
showing that one-year-old oysters from one sanwrovere highly resistant (7% mortality)
when naturally selected for resistance to the disaghereas they died massively when they
have never been exposed to the disease beforeTiis|was attributed to the strong genetic
basis of the resistance to the disease [25, 28jeMer, like in our present experiment, other
important life history traits often differentiateysier cohorts. Indeed, here adults have been
maintained in the Thau lagoon for more than a yat.only did they pass though the major
selective filter of the disease (brought &imilar infectious environment) one year before,
but they have been confronted to an environmentcdra have modified their physiology and
associated microbiota, and/or primed their immuwstesn as recently shown by Lafasttal.
[38]. Additionally, potential trade-offs between nmne function, growth and reproduction
investment could also influence the resistancd¢odiseaseThus, both genetic factors and
phenotypic plasticity could influence the survivingapacity of adult oysters in our
experiment, but we cannot evaluate the relativegteof these two factors in the resistance

from our data.

Oyster s susceptible to the disease are highly permissive to bacterial colonization during

in situ mortality outbreak

To determine the changes in bacterial abundancermog in oysters with contrasted
resistance, we compared total bacterial loadserstisceptible (S, 8 months old oysters) and
resistant (R, 18 months old oysters) oysters dutiegnortality event. Bacterial load was first
measured by flow cytometry in intravalvular fluidé oysters, a compartment at the host-
environment interface that is potentially alteredatinlg bivalve diseases [39]. In addition,
bacterial load was measured in seawater surrounoysgers: no significant change was
observed between the early (April"28010)and late stages (April 292010) of the mortality
event with ~6.10bacteria/ml of seawater at both time poirfgygre 2A). Resistant oysters
did not show any significant bacterial colonizatairtheir intravalvular fluids as indicated by
a constant bacterial load (from 2°16 1.10 bacteria/ml), similar to that of seawater, all ove
the mortality event. Conversely, susceptible ogsteshowed a high intravalvular fluid

bacterial load, up to 3.f®acteria/ml, reaching 15 to 19 times the load meabin resistant
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oysters, both at early and late stages of the titgrtautbreak (Mann-Whitney U test,
p<0.05). Those results showed that susceptible @ystee significantly more permissive to
bacterial colonization than resistant oysters. Bimesults were observed when we quantified
culturable bacteria into oyster flesh. The bactdoad in resistant oysters remained constant
over time, whereas the bacterial load of suscepiilyisters was always significantly higher
compared to resistant ones (2.10 10 CFU/gversus 1 to 2.18 CFU/g, Mann-Whitney test,
p<0.05) (Figure 2B). Previous studies have alreduyws thatVibrio colonization precedes
oyster death [22] and that the stability of oysteicrobiota influences the resistance of
pathogens [40]. However, these results show fofitbetime an intricate link between oyster
health status and bacterial colonization of botktayflesh and body fluids. This event is
characterized by an overall stability in resistayéters as opposed to a massive colonization
in susceptible oysters. Investigating the kineticbacterial colonization in resistant and
susceptible oysters before the occurrence of tisé iortalities should be performed in the

future to evaluate the importance of bacterial siation in the overall pathogenic process.

Susceptible but not resistant oysters are heavily colonized by pathogens

As oyster mortality outbreaks have been associatdbth a herpesvirus (OsHV-1 pvar) and
vibrios of the Splendidus clade [4, 11, 15, 19,,44¢ quantified their respective load in
oyster flesh by relative quantitative PCR. For mbr we usedV. tasmaniensis-specific
primers designed on the sequence of the LGP32 gatiho strain (Splendidus clade), which
was isolated during am situ oyster mortality event [17]. This vibrio strain svaised in
experimental challenges of oysters in differentssi [4, 42]. The/. tasmaniensis load was
found to increase in susceptible oysters befordatityr started and reached a maximum when
mortality reached 90%, on April 92010 Figure 3A) (Mann—Whitney U tesp<0.05). The
oyster colonization by pathogenic strains of vibribefore the mortality outbreak is in
agreement with previous work [19, 22]. ConcomitgntOsHV-1 colonized tissues of
susceptible oyster$i(gure 3B). A gradual increase in viral load was indeed olesz all over
the time course. This increase became significammril 26", 2010 when mortality started.
The concomitant colonization of oyster flesh by ®sHand vibrios of the Splendidus clade
preceding oyster death has been reported in differenvironments (Atlantic and
Mediterranean) [11, 15] and seems to be the hallmérthe disease. Thus, together with
previous studies [11, 15, 22], our data confirm kiypothesis of a temperature-dependent
polymicrobial disease in which both an OsHV-1 viersl pathogenic populations of vibrios

cooperate to Kill oysters. Additionally, our resuiihdicated that adult oysters which survived
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the disease outbreaks were not tolerant but indesdtant to the main pathogens associated
to the disease, which failed to colonize theiramtdvular fluids and tissues. In the future,
moving to a non-candidate approach for pathogenitoramg in resistant and susceptible
genetic backgrounds appears essential for a coenplederstanding of the disease. Indeed,
not only did we observe here major bacterial peodifion in susceptible oystersSigure 2),

but also recent studies reported that the stalfitgyster/microbiota associations influences
the resistance of oysters to stress or invasiompdipogens [40, 43, 44]. Thus, to clearly
understand the role of microbiota in the pathogenes will be important to analyze its

structure and dynamics throughout the infectiows@ss.

A set of immune genes specifically expressed in resistant oysters

To unravel the difference in permissiveness betwesistant and susceptible oysters, we
compared their immune status during the diseadweak by analyzing the expression pattern
of genes previously described as key componentshefoyster response to infectious
challenges [45, 46]. High-throughput RT-gPCR reedahat 54 immune-related genes out of
88 were differentially expressed (one-way ANO\W&0.05) between the two oyster cohorts
(resistant adults and susceptible juveniles) owbeh the different sampling times (i.e. before
or during mortalities) Kigure 4). On one dimension, hierarchical clustering ofadéntially
expressed genes separated samples into threerglast®rding to conditions (A-C): samples
from susceptible oysters fell into two clustersfobe (cluster A) and during mortalities
(cluster C) whereas resistant oysters sampled glanortalities fell into a third cluster (cluster
B).

On the other dimension, genes also fell into 3tehgsaccording to expression (1-3). Genes
from cluster 2 were particularly interesting asythere expressed at higher ratios in resistant
oysters preferentially (cluster BFigure 4). Remarkably, cluster 2 is composed of genes
encoding pathogen recognition proteibegt{ns, and Complement C1q) and immune effectors
including two antimicrobial peptides/proteinslysbozyme, proline rich peptide), a
metalloproteinase inhibitor and aheat shock protein, known to participate in oyster immune
response to bacterial infections [47-53]. ImpottgnTluster 2 also contains genes encoding
proteins involved in apoptosisaspase-3) and autophagybéclin), two processes that have
been described to play a key role in oyster resptmyiral and bacterial challenges [54, 55].
Since cluster 2 is specific to resistant oystetscivare neither colonized by OsHV-1 nor by
V. tasmaniensis (Figure 3), it is tempting to speculate that high express@nthose

antibacterial and antiviral genes, either alongn@ombination, plays an important role in the
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control of pathogens and resistance to the disddemever, due to the design of the
experimental protocol, we do not have access tayhamic of expression in resistant oysters
all along the mortality event (resistant oystergehbeen collected at the end of experiment
only). Thus, we cannot determine whether the higiression of genes from cluster 2 is due
to an induction of gene expression in resistantargsas observed in experimental infection of
adult oysters by OsHV-1 [28] or whether it is doeathigh constitutive level of expression as
observed in resistant oyster line compared to guidte oyster line [56]. Indeed, constitutive
frontloading of stress tolerance genes was shownaimtain physiological resilience during
frequently encountered environmental stress inragpecies, particularly corals [57]. In the
future, investigating the dynamics of expressiom@fhes from cluster 2 in field experiments
should help better understand the respective rblieo antiviral and antibacterial immune

responses in controlling the pathogens associatdtetsyndrome.

Oyster s susceptible to the disease are able to sense pathogen colonization and trigger an
immuneresponse

Importantly, gene expression data revealed thatemtible oysters were able to actively
express immune genes when confronted to pathogantcularly, genes from cluster 1 were
highly induced in susceptible oysters over the alibyt outbreak whereas resistant oysters
only poorly expressed those genes during mortsl{itegure 4). These genes encode notably
proteins involved in pathogen recognitiogalectin) and immune signaling pathway€g-
Myd88, NF-kappa-B inhibitor, MAP kinase-interacting serine/threonine-protein kinase,
interleukin 17), and their overexpression has been associatédewfierimental challenges by
either bacteria or viruses [28, 58-61] as weliragstu infections ofC. gigas oysters [62, 63].
These data clearly showed that susceptible oyaterable to detect pathogens and mount an
immune response.

However, a group of genes (cluster 3) showed dsetkaxpression over disease development
in susceptible oyster§igure 4). On the contrary, resistant oysters highly exgedscluster 3
genes during the mortality event. This contrastwbenh resistant and susceptible oysters
suggests that repressed expression of cluster 8&gendetrimental in susceptible oysters.
Genes from cluster 3 involved in the antioxidanstegn (.e. Super Oxyde Dismutase,
Glutathione Stransferase) and metal homeostasis.e( Metallothioneins) have been
previously reported to be down regulated in oysterdergoing mass mortalities [60, 62] as
well as in experimental infections by OsHV-1 orhgagenic vibrios [28, 59]. ROS and metal

homeostasis were shown to play a major role inrobimg vibrio infections, particularly in
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the C. gigas/V. tasmaniensis LGP32 pathogenic interaction [42]. Disruption dfose
important homeostatic processes might therefore ligrimental consequences on the host
and contribute to the massive increase in bacteaébnization observed in susceptible
oysters Figure 2).

Altogether, our results showed that resistant arsdeptible oysters, confronted to a mortality
outbreak in the field can be distinguished by ddtimolecular immune signatures during
pathogenesis. Moreover, we showed that the althaugiceptible oysters juveniles sense
pathogens and signal an immune response, theytdexpeess important functions related to
antimicrobial responses, apoptosis, ROS and metalebstasis, thereby failing to control
pathogens and subsequent mortalities. The reason pakhogen sensing and immune
signaling does not result in pathogen control wrejuiles remains to be explored both from the
host side looking closer at the genetic basis &edphenotypic plasticity of resistance and
from the pathogen side, as they could repress i@apbhost defense mechanisms for their

benefit.

Conclusion

By exposing oysters with fully contrasted resistatw a field mortality event and monitoring
simultaneously microbial load, specific pathogemsl ayster immune status, we could
demonstrate that: (i) susceptible oysters senseoganhs and signal an immune response
during the mortality event, (ii) susceptible oystdo not express important antimicrobial and
apoptotic mechanisms and show repressed expreskigenes involved in ROS and metal
homeaostasis, and (iii) this inefficient inmunep@sse enables major microbial colonization
by bacteria and viruses including species potdntj@thogenic for oysters. Our data also
confirm the highly complex etiology of the juvenil@yster mortality syndrome which
associates both viruses and vibrios, and potepntwter bacteria massively proliferating in
oyster flesh and intravalvular fluid during the nadity event. Understanding such a
mulfifactorial disease is no exception call upore tdevelopment of integrated and
multidisciplinary approaches [64] that will helpaiighering the sequence of events leading to
oyster mortalities and determining the relative gheiof pathogens, oyster (genetics and

phenotypic plasticity) and oyster-associated mimiabin disease expression and control.
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Figure caption

Figure 1. Oyster mortalities monitoring during exposure in a culture area at Thau
lagoon (France). Mortality were measured, at two dates befofégfd 13" of April) and two
dates after (26 and 28' of April) mortalities outbreak, on 8 months oldstsrs that were
exposed for the first time to an infectious envimamt (in red) and 18 months old oysters that
have already survived to a previous infectious ag®s(in bleu). Thau lagoon sea water

temperature is indicated by black dotted curve.

Figure 2: Susceptible oysters are highly permissive to bacterial colonization during in

situ mortality outbreak. 8 months old oysters exposed for the first timeatoinfectious
environment (S) and 18 months old oysters that laéready survived to a previous infectious
episode (R) were analyzed: Abundance of total bacteria in intravalvular fluidas
measured by flow cytometry at two dates (Apri"@dd 24' 2010) during mortality outbreak.
Abundance of total bacteria was measured in Thgoola sea water at the same dates (SW).
Results are the mean of six biological replicas sdividuals for oysters and six samples for
water), and significant differences of total baeteabundance between conditions are
indicated by different lowercase letters (differégiters indicate significant difference, a or b;
Mann-Whitney U testp<0.05).B: Abundances of cultivable bacteria in whole oystest
were determined by CFU count (on marine agar mepiinmwo dates (April ZBand 29"
during mortality outbreak. Abundance of cultivabbacteria are determined from six

individual oysters per condition and significantfeliences between conditions are indicated
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435 by different lowercase letters (different lettemdicate significant difference, a, b or c; Mann-
436  Whitney U testp<0.05).
437

438  Figure 3: Pathogen detections before and during mortality outbreak. Vibrio tasmaniensis
439 LGP32 (A) and OsHV-1 (B) were quantified by gPCRading to the 2**“' method [32]
440 using a single copy gene of oyster genog-BPI) to normalize Ct values of target genes
441  for Vibrio tasmaniensis LGP32 and for OsHV-1. Each relative value is theam of tree
442  Dbiological replicas (tree pools of 10 oysters pendition) and significant differences of
443  relative expressions between conditions are indicaly different lowercase letters (different
444  letters indicate significant difference, a, b oradd were determined by the (Mann—Whitney
445 U test,p<0.05). 8 months old oysters exposed for the finsé to an infectious environment
446  (S) and 18 months old oysters that have alreadyv&d to a previous infectious episode (R)
447  were analyzed.

448

449  Figure 4. Gene expression of 54 immune related genes differentially expressed during

450 juvenile mortality. Hierarchical clustering of the relative expressiewels of 54 immune
451 related genes differentially expressed (one-way AMRQOpP<0.05) during mortality outbreak
452  was constructed with Multiple Array Viewer softwaneing average linkage clustering with
453  Pearson Correlation as the default distance méiach cell in the matrix corresponds to the
454  expression level of one gene in one sample. Thengity of the color from green to red
455 indicates the magnitude of differential expressi®elative expressions were calculated
456  according the 2" method [32], from four groups of ten oysters pendition. The
457 dendrogram at the top of the figure indicate rel&hip among samples and revealed a
458  distinction between the tested conditions. The dmyrdm at the left of the figure indicate a
459  relationship among the relative expression levélhe selected genes. Selected genes, listed
460  at the right of the figure.

461

462

14



463

464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513

References

1. Samain J-F, McCombie H. Summer mortality of Pacific oyster Crassostrea gigas. The MOREST
project. QUAE ed; 2008.

2. Pernet F, Lupo C, Bacher C, Whittington RJ. Infectious diseases in oyster aquaculture require
a new integrated approach. Philos Trans R Soc Lond B Biol Sci. 2016 371.

3. Martenot C, Oden E, Travaille E, Malas JP, Houssin M. Detection of different variants of
Ostreid Herpesvirus 1 in the Pacific oyster, Crassostrea gigas between 2008 and 2010. Virus research.
2011 160:25-31.

4, Barbosa Solomieu V, Renault T, Travers MA. Mass mortality in bivalves and the intricate case
of the Pacific oyster, Crassostrea gigas. J Invertebr Pathol. 2015 131:2-10.

5. Guo XM, Ford SE. Infectious diseases of marine molluscs and host responses as revealed by
genomic tools. Philos T R Soc B. 2016 371.

6. Paul-Pont I, Evans O, Dhand NK, Whittington RJ. Experimental infections of Pacific oyster
Crassostrea gigas using the Australian ostreid herpesvirus-1 (OsHV-1) microVar strain. Dis Aquat
Organ. 2015 113:137-47.

7. Domeneghetti S, Varotto L, Civettini M, Rosani U, Stauder M, Pretto T, et al. Mortality
occurrence and pathogen detection in Crassostrea gigas and Mytilus galloprovincialis close-growing
in shallow waters (Goro lagoon, Italy). Fish Shellfish Immunol. 2014 41:37-44.

8. Lynch SA, Carlsson J, Reilly AO, Cotter E, Culloty SC. A previously undescribed ostreid herpes
virus 1 (OsHV-1) genotype detected in the pacific oyster, Crassostrea gigas, in Ireland. Parasitology.
2012 139:1526-32.

9. EFSA PoAHW. Scientific opinion on oyster mortality. EFSA Journal 2015 13:59.

10. Petton B, Pernet F, Robert R, Boudry P. Temperature influence on pathogen transmission and
subsequent mortalities in juvenile Pacific oysters Crassostrea gigas. Aquaculture Environment
Interactions. 2013 3:257-73.

11. Pernet F, Barret J, Le Gall P, Corporeau C, Dégremont L, Lagarde F, et al. Mass mortalities of
Pacific oysters Crassostrea gigas reflect infectious diseases and vary with farming practices in the
Mediterranean Thau lagoon, France. Acquaculture environmental interactions. 2012 2:215-37.

12. Pernet F, Lagarde F, Jeannee N, Daigle G, Barret J, Le Gall P, et al. Spatial and Temporal
Dynamics of Mass Mortalities in Oysters Is Influenced by Energetic Reserves and Food Quality. Plos
One. 2014 9.

13. Renault T, Bouquet AL, Maurice JT, Lupo C, Blachier P. Ostreid Herpesvirus 1 Infection among
Pacific Oyster (Crassostrea gigas) Spat: Relevance of Water Temperature to Virus Replication and
Circulation Prior to the Onset of Mortality. Appl Environ Microb. 2014 80:5419-26.

14. Le Roux F, Wegner KM, Polz MF. Oysters and Vibrios as a Model for Disease Dynamics in Wild
Animals. Trends in microbiology. 2016 24:568-80.

15. Petton B, Boudry P, Alunno-Bruscia M, Pernet F. Factors influencing disease-induced
mortality of Pacific oysters Crassostrea gigas. Acquaculture environmental interactions. 2015 6:205-
22,

16. Segarra A, Pepin JF, Arzul I, Morga B, Faury N, Renault T. Detection and description of a
particular Ostreid herpesvirus 1 genotype associated with massive mortality outbreaks of Pacific
oysters, Crassostrea gigas, in France in 2008. Virus research. 2010 153:92-9.

17. Gay M, Berthe FC, Le Roux F. Screening of Vibrio isolates to develop an experimental
infection model in the Pacific oyster Crassostrea gigas. Dis Aquat Organ. 2004 59:49-56.

18. Le Roux F, Gay M, Lambert C, Waechter M, Poubalane S, Cholet B, et al. Comparative analysis
of Vibrio splendidus-related strains isolated during Crassostrea gigas mortality events. . Aquatic Living
Resources. 2002:251-8.

19. Lemire A, Goudenege D, Versigny T, Petton B, Calteau A, Labreuche Y, et al. Populations, not
clones, are the unit of vibrio pathogenesis in naturally infected oysters. Isme J. 2014 9:1523-31.

20. Travers MA, Boettcher Miller K, Roque A, Friedman CS. Bacterial diseases in marine bivalves.
J Invertebr Pathol. 2015 131:11-31.

15



514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565

21. Jouaux A, Lafont M, Blin JL, Houssin M, Mathieu M, Lelong C. Physiological change under
OsHV-1 contamination in Pacific oyster Crassostrea gigas through massive mortality events on fields.
BMC Genomics. 2013 14:590.

22. Petton B, Bruto M, James A, Labreuche Y, Alunno-Bruscia M, Le Roux F. Crassostrea gigas
mortality in France: the usual suspect, a herpes virus, may not be the killer in this polymicrobial
opportunistic disease. Front Microbiol. 2015 6:686.

23. Azema P, Lamy JB, Boudry P, Renault T, Travers MA, Degremont L. Genetic parameters of
resistance to Vibrio aestuarianus, and OsHV-1 infections in the Pacific oyster, Crassostrea gigas, at
three different life stages. Genetics, selection, evolution : GSE. 2017 49:23.

24. Dégremont L, Boudry P, Ropert M, Samain J-F, Bédier E, Soletchnik P. Effects of age and
environment on survival of summer mortality by two selected groups of the Pacific oyster
Crassostrea gigas. Aquaculture. 2010 299:44-50.

25. Azema P, Travers MA, Benabdelmouna A, Degremont L. Single or dual experimental
infections with Vibrio aestuarianus and OsHV-1 in diploid and triploid Crassostrea gigas at the spat,
juvenile and adult stages. J Invertebr Pathol. 2016 139:92-101.

26. Hick PM, Evans O, Rubio A, Dhand NK, Whittington RJ. Both age and size influence
susceptibility of Pacific oysters ( Crassostrea gigas ) to disease caused by Ostreid herpesvirus -1
(OsHV-1) in replicated field and laboratory experiments. Aquaculture. 2018 in press.

27. Zhang G, Fang X, Guo X, Li L, Luo R, Xu F, et al. The oyster genome reveals stress adaptation
and complexity of shell formation. Nature. 2012 490:49-54.

28. Green TJ, Vergnes A, Montagnani C, de Lorgeril J. Distinct immune responses of juvenile and
adult oysters (Crassostrea gigas) to viral and bacterial infections. Veterinary research. 2016 47:72.
29. Chaney ML, Gracey AY. Mass mortality in Pacific oysters is associated with a specific gene

expression signature. Mol Ecol. 2011 20:2942-54.

30. Duperthuy M, Binesse J, Le Roux F, Romestand B, Caro A, Got P, et al. The major outer
membrane protein OmpU of Vibrio splendidus contributes to host antimicrobial peptide resistance
and is required for virulence in the oyster Crassostrea gigas. Environ Microbiol. 2010 12:951-63.

31. Pepin JF, Riou A, Renault T. Rapid and sensitive detection of ostreid herpesvirus 1 in oyster
samples by real-time PCR. J Virol Methods. 2008 149:269-76.
32. Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic

Acids Research. 2001 29:e45.

33. Marie D, Partensky F, Jacquet S, Vaulot D. Enumeration and Cell Cycle Analysis of Natural
Populations of Marine Picoplankton by Flow Cytometry Using the Nucleic Acid Stain SYBR Green I.
Appl Environ Microbiol. 1997 63:186-93.

34, Bouvy M, Got P, Domaizon |, Pagano M, Leboulanger C, Bouvier C, et al. Plankton
communities in the five lles Eparses (Western Indian Ocean) considered to be pristine ecosystems.
Acta Oecol. 2016 72:9-20.

35. Bouvier T, Del Giorgio PA, Gasol JM. A comparative study of the cytometric characteristics of
high and low nucleic-acid bacterioplankton cells from different aquatic ecosystems. Environ
Microbiol. 2007 9:2050-66.

36. Troussellier M, Got P, Bouvy M, M'Boup M, Arfi R, Lebihan F, et al. Water quality and health
status of the Senegal River estuary. Marine pollution bulletin. 2004 48:852-62.

37. Paul-Pont I, Dhand NK, Whittington RJ. Spatial distribution of mortality in Pacific oysters
Crassostrea gigas: reflection on mechanisms of OsHV-1 transmission. Diseases of Aquatic Organisms.
2013 105:127-38.

38. Lafont M, Petton B, Vergnes A, Pauletto M, Segarra A, Gourbal B, et al. Long-lasting antiviral
innate immune priming in the Lophotrochozoan Pacific oyster, Crassostrea gigas. Sci Rep-Uk. 2017
7:13143.

39. Allam B, Pales Espinosa E. Bivalve immunity and response to infections: Are we looking at the
right place? Fish Shellfish Immunol. 2016 53:4-12.
40. Lokmer A, Wegner KM. Hemolymph microbiome of Pacific oysters in response to

temperature, temperature stress and infection. Isme J. 2015 9:670-82.

16



566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616

41. Bruto M, James A, Petton B, Labreuche Y, Chenivesse S, Alunno-Bruscia M, et al. Vibrio
crassostreae, a benign oyster colonizer turned into a pathogen after plasmid acquisition. Isme
Journal. 2017 11:1043-52.

42. Vanhove AS, Rubio TP, Nguyen AN, Lemire A, Roche D, Nicod J, et al. Copper homeostasis at
the host vibrio interface: lessons from intracellular vibrio transcriptomics. Environmental
microbiology. 2016 18:875-88.

43, Lokmer A, Kuenzel S, Baines J, Wegner KM. The Role of Tissue-specific Microbiota in Initial
Establishment Success of Pacific oysters. Environ Microbiol. 2016 18:970-87.

44, Wegner KM, Volkenborn N, Peter H, Eiler A. Disturbance induced decoupling between host
genetics and composition of the associated microbiome. BMC Microbiol. 2013 13:252.

45, de Lorgeril J, Zenagui R, Rosa RD, Piquemal D, Bachere E. Whole transcriptome profiling of
successful immune response to Vibrio infections in the oyster Crassostrea gigas by digital gene
expression analysis. PLoS One. 2011 6:€23142.

46. Rosa RD, de Lorgeril J, Tailliez P, Bruno R, Piquemal D, Bachere E. A hemocyte gene
expression signature correlated with predictive capacity of oysters to survive Vibrio infections. BMC
Genomics. 2012 13:252.

47. Genard B, Miner P, Nicolas JL, Moraga D, Boudry P, Pernet F, et al. Integrative study of
physiological changes associated with bacterial infection in Pacific oyster larvae. PLoS One. 2013
8:e64534.

48. Gerdol M, Venier P, Pallavicini A. The genome of the Pacific oyster Crassostrea gigas brings
new insights on the massive expansion of the Clq gene family in Bivalvia. Dev Comp Immunol. 2015
49:59-71.

49, Itoh N, Okada Y, Takahashi KG, Osada M. Presence and characterization of multiple mantle
lysozymes in the Pacific oyster, Crassostrea gigas. Fish Shellfish Immunol. 2010 29:126-35.

50. Jiang S, Li H, Zhang D, Zhang H, Wang L, Sun J, et al. A C1g domain containing protein from
Crassostrea gigas serves as pattern recognition receptor and opsonin with high binding affinity to
LPS. Fish Shellfish Immunol. 2015 45:583-91.

51. Schmitt P, de Lorgeril J, Gueguen Y, Destoumieux-Garzon D, Bachere E. Expression, tissue
localization and synergy of antimicrobial peptides and proteins in the immune response of the oyster
Crassostrea gigas. Dev Comp Immunol. 2012 37:363-70.

52. Wang L, Zhang H, Zhang D, Lv Z, Liu Z, Wang W, et al. The RNA-seq analysis suggests a
potential multi-component complement system in oyster Crassostrea gigas. Dev Comp Immunol.
2017 76:209-19.

53. Zhang L, Li L, Guo X, Litman GW, Dishaw LJ, Zhang G. Massive expansion and functional
divergence of innate immune genes in a protostome. Sci Rep. 2015 5:8693.

54, Martenot C, Gervais O, Chollet B, Houssin M, Renault T. Haemocytes collected from
experimentally infected Pacific oysters, Crassostrea gigas: Detection of ostreid herpesvirus 1 DNA,
RNA, and proteins in relation with inhibition of apoptosis. PLoS One. 2017 12:e0177448.

55. Moreau P, Moreau K, Segarra A, Tourbiez D, Travers MA, Rubinsztein DC, et al. Autophagy
plays an important role in protecting Pacific oysters from OsHV-1 and Vibrio aestuarianus infections.
Autophagy. 2015 11:516-26.

56. Schmitt P, Santini A, Vergnes A, Degremont L, de Lorgeril J. Sequence polymorphism and
expression variability of Crassostrea gigas immune related genes discriminate two oyster lines
contrasted in term of resistance to summer mortalities. PLoS One. 2013 8:e75900.

57. Barshis DJ, Ladner JT, Oliver TA, Seneca FO, Traylor-Knowles N, Palumbi SR. Genomic basis for
coral resilience to climate change. Proc Natl Acad Sci U S A. 2013 Jan 22;110(4):1387-92.

58. Green TJ, Montagnani C. Poly I:C induces a protective antiviral immune response in the
Pacific oyster (Crassostrea gigas) against subsequent challenge with Ostreid herpesvirus (OsHV-1
muvar). Fish Shellfish Immunol. 2013 35:382-8.

59. He Y, Jouaux A, Ford SE, Lelong C, Sourdaine P, Mathieu M, et al. Transcriptome analysis
reveals strong and complex antiviral response in a mollusc. Fish Shellfish Immunol. 2015 46:131-44.

17



617
618
619
620
621
622
623
624
625
626
627
628
629

60. Normand J, Li R, Quillien V, Nicolas JL, Boudry P, Pernet F, et al. Contrasted survival under
field or controlled conditions displays associations between mRNA levels of candidate genes and
response to OsHV-1 infection in the Pacific oyster Crassostrea gigas. Mar Genomics. 2014 15:95-102.
61. Segarra A, Mauduit F, Faury N, Trancart S, Degremont L, Tourbiez D, et al. Dual
transcriptomics of virus-host interactions: comparing two Pacific oyster families presenting
contrasted susceptibility to ostreid herpesvirus 1. BMC Genomics. 2014 15:580.

62. Fleury E, Huvet A. Microarray analysis highlights immune response of pacific oysters as a
determinant of resistance to summer mortality. Mar Biotechnol (NY). 2012 14:203-17.

63. Rosani U, Varotto L, Domeneghetti S, Arcangeli G, Pallavicini A, Venier P. Dual Analysis of
Host and Pathogen Transcriptomes in Ostreid Herpesvirus 1 - Positive Crassostrea gigas. Environ
Microbiol. 2014 17:4200-12.

64. Destoumieux-Garzén D, Mavingui P, Boetsch G, Boissier J, Darriet F, Duboz P, et al. The One
Health Concept: 10 Years Old and a Long Road Ahead. Front. Vet. Sci. 2018. 5:14.

18



Temperature (°C)

< o © N
N N -~ -~ () < o
1 1

- Temperature

- R
- S
2
,50

. 7]
o

o © © < ~ (
~

(%) Ajepow aAejnwing

Date



>

Total bacteria / ml

o

CFU per g of flesh

10°

108

a
1074 2 = -+ 20 T
108

a

105

SW R S SW R S
26 April 29 April
During mortality event
1084 c
107+ b, c a,b
a = l
106-
- 1L
1054 T
—_—
104 . T ;
R S R S
26 April 29 April

During mortality event




>

N
Q
5 & 207
5= c
= AN
gg ™ T
=9
S .0 101 b, ¢
3 S a,b
()] )
-_.% -g 5- ——
©
T £ a a
e ot . :
S 6 12 26 29 29
April  April  April  April  April
S before S during R
B mortality mortality
2a
§ % 2001 T
= 0O
o< ab -
0 Z 100+ __
S []
ko % 50{ a -
(e I: — == a
O T 1 L] T L]
6 12 26 29 29
April  April  April  April  April
S before S during R
mortality mortality



[ -0.15920138
- 0.4203993

Before During
mortality mortality

S

Py
w

- - - L) L e I N N N B N N ]
R I I B B I e e I L B B BT BT BT BT BT BT B BT ]
He HHAHrAd HHHHHHHHHHHH 0.0 1.0686122 2.0125222
H H HH
E&&%@E@@&&Eﬂﬂﬁéﬁﬁﬁﬂﬁ
o erel el WU R O WD LD WD WD W W
B e N R N N Y A
D202 07 02 D2 0T 0T 0D QG PG A AG 07 DR DT 0D DR DT OO O
Coadhesin

NF-kappa-B inhibitor epsilon

MAP kinase-interacting serine/threonine-protein kinase 1
Interleukin 17-like protein precursor

Myeloid differentiation primary response protein MyD88-like
Uncharacterized protein LOC105332551
Angiopoietin-1 receptor
N-acetylglucosamine-1-phosphodiester alpha-N-acetylglucosaminidase
Heat shock protein 70 B2

Alpha-crystallin B chain

No hit 76

Acyl-CoA desaturase

Neural-cadherin-like

Heat shock protein 70

uncharacterized protein LOC105321376
Galectin-8

Lysozyme

Proline rich protein

Short-chain collagen C4-like

Angiopoietin-1 receptor

Metalloproteinase inhibitor 2-like precursor
Histone-binding protein RBBP7-like
Hemagglutinin/amebocyte aggregation factor

No hit 302

Caspase-3-like

Fizzy-related-like protein

Mitogen-activated protein kinase kinase kinase 7
Calcium and integrin-binding protein 1-like
C-type lectin 2 like protein

Beclin-1

USP-like protein isoform 2
D-galactoside-specific lectin-like

Complement C1qg-like protein 3

Hypothetical protein CGI_10001395
Tetratricopeptide repeat protein GNN
Ras-related protein Rab-35
Metallothionein

Ras-related protein Rap-1b

Activin receptor type-2B
Alpha-crystallin B chain
Metallothionein

Collagen alpha-1(XIl) chain
Glutathione S-transferase omega-1
Succinate dehydrogenase
Superoxide dismutase

No hit 383

Calcineurin B subunit

Membrane frizzled-related protein
Beta-hexosaminidase subunit beta
Cystatin-A2

No hit 81

Hypothetical protein CGI_10004692
Caspase-3

Metallothionein




Highlights

e Juvenile oysters susceptible to the disease mount an inefficient immune response
associated with microbial permissiveness and death

® Susceptible oysters were heavily colonized by OsHV-1 herpes virus as well as bacteria
including vibrios potentially pathogenic for oysters

e Adult oysters resistant to the disease expresses important immune effectors, controlled
bacterial and viral colonization and survived to the mortality event.



