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In situ characterisation of pathogen dynamics during a pacific oyster mortality syndrome episode
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Significant mortality of Crassostrea gigas juveniles is observed systematically every year worldwide. Pacific Oyster Mortality Syndrome (POMS) is caused by Ostreid Herpesvirus 1 (OsHV-1) infection leading to immune suppression, followed by bacteraemia caused by a consortium of opportunistic bacteria. Using an in-situ approach and pelagic chambers, our aim in this study was to identify pathogen dynamics in oyster flesh and in the water column during the course of a mortality episode in the Mediterranean Thau lagoon (France). OsHV-1 concentrations in oyster flesh increased before the first clinical symptoms of the disease appeared, reached maximum concentrations during the moribund phase and the mortality peak. The structure of the bacterial community associated with oyster flesh changed in favour of bacterial genera previously associated with oyster mortality including Vibrio, Arcobacter, Psychrobium, and Psychrilyobacter. During the oyster mortality episode, releases of OsHV-1 and opportunistic bacteria were observed, in succession, in the water surrounding the oyster lanterns. These releases may favour the spread of disease within oyster farms and potentially impact other marine species, thereby reducing marine biodiversity in shellfish farming areas

Introduction

Since 2008, from 40% to 100% Crassostrea gigas juveniles in oyster cultures have been decimated annually by Pacific Oyster Mortality Syndrome (POMS) [START_REF] Garcia | Ostreid herpesvirus 1 detection and relationship with Crassostrea gigas spat mortality in France between 1998 and 2006[END_REF][START_REF] Pernet | Mass mortalities of Pacific oysters Crassostrea gigas reflect infectious diseases and vary with farming practices in the Mediterranean Thau lagoon[END_REF][START_REF] Segarra | Detection and description of a particular Ostreid herpesvirus 1 genotype associated with massive mortality outbreaks of Pacific oysters, Crassostrea gigas, in France in 2008[END_REF]. Pacific Oyster Mortality Syndrome is now reported worldwide [START_REF] Carrasco | A production calendar based on water temperature , spat size , and husbandry practices reduce OsHV-1 μ var impact on cultured pacific oyster Crassostrea gigas in the Ebro delta (Catalonia)[END_REF][START_REF] Mineur | Phylogeographical analyses of shellfish viruses: inferring a geographical origin for ostreid herpesviruses OsHV-1 (Malacoherpesviridae)[END_REF][START_REF] Paul-Pont | Descriptive epidemiology of mass mortality due to Ostreid herpesvirus-1 (OsHV-1) in commercially farmed Pacific oysters (Crassostrea gigas) in the Hawkesbury River estuary, Australia[END_REF]. Together with OsHV-1, Vibrio splendidus has also been implicated as a possible pathogen for oyster juveniles [START_REF] Pernet | Mass mortalities of Pacific oysters Crassostrea gigas reflect infectious diseases and vary with farming practices in the Mediterranean Thau lagoon[END_REF]Petton et al., 2015b). Using a laboratory-based approach, de Lorgeril et al. (2018) demonstrated that POMS is caused by OsHV-1 infection leading to immune suppression, followed by bacteraemia caused by a consortium of opportunistic bacteria including those belonging to the Vibrio, Arcobacter, Psychromonas, Psychrobium, and Marinomonas genera. As specified by [START_REF] King | Oyster disease in a changing environment: decrypting the link between pathogen, microbiome and environment[END_REF], the challenge is now to demonstrate "how the oyster microbiome responds before, during and after an environmental disease outbreak".

Although many studies have explored disease-controlling factors [START_REF] Petton | Temperature influence on pathogen transmission and subsequent mortalities in juvenile Pacific oysters Crassostrea gigas[END_REF](Petton et al, , 2015a;;Whittington et al., 2015a) and the consequences of infection for oysters [START_REF] Corporeau | Proteomic signatures of the oyster metabolic response to herpesvirus OsHV-1 μVar infection[END_REF][START_REF] Green | OsHV-1 countermeasures to the Pacific oyster's anti-viral response[END_REF][START_REF] Green | Distinct immune responses of juvenile and adult oysters (Crassostrea gigas) to viral and bacterial infections[END_REF][START_REF] Tamayo | Physiological changes in Pacific oyster Crassostrea gigas exposed to the herpesvirus OsHV-1μVar[END_REF], few have investigated the consequences of these mortality events for the environment. Indeed, unlike in most other animal production industries, sick and dead individuals are not separated from conspecifics in shellfish farms, but remain in the rearing environment until their flesh totally disappears [START_REF] Richard | Influence of OsHV-1 oyster mortality episode on dissolved inorganic fluxes : an ex situ experiment at the individual scale[END_REF][START_REF] Richard | Changes in planktonic microbial components in interaction with juvenile oysters during a mortality episode in the Thau lagoon (France)[END_REF]. The mortality of oyster juveniles has been shown to increase ammonium and phosphate fluxes at the oyster interface [START_REF] Richard | Influence of OsHV-1 oyster mortality episode on dissolved inorganic fluxes : an ex situ experiment at the individual scale[END_REF] and to reduce the N/P ratio due to decomposition of the flesh [START_REF] Richard | Influence of OsHV-1 oyster mortality episode on dissolved inorganic fluxes : an ex situ experiment at the individual scale[END_REF][START_REF] Richard | Changes in planktonic microbial components in interaction with juvenile oysters during a mortality episode in the Thau lagoon (France)[END_REF]. Oyster mortality has been also shown to induce changes in microbial planktonic components during the infection and mortality peak, with proliferation of picophytoplankton and heterotrophic ciliates (Balanion, Uronema) [START_REF] Richard | Changes in planktonic microbial components in interaction with juvenile oysters during a mortality episode in the Thau lagoon (France)[END_REF]. Ciliates may proliferate in response to a bacterial proliferation associated with decaying oyster tissue [START_REF] Richard | Changes in planktonic microbial components in interaction with juvenile oysters during a mortality episode in the Thau lagoon (France)[END_REF]. Beyond disturbing the ecosystem, the fact sick and dead individuals remain in the environment could also favour cross-contamination and disease spread. Indeed, oyster mortality shows strong spatial dependence, starting inside the oyster farm and rapidly spreading beyond (Pernet et al., 2014a). We propose the hypothesis that pathogens released from infected and dead oysters into the water column may be at the origin of disease transmission to naïve oysters, as already shown using a laboratory-based approach with OsHV-1 (Schikorski et al., 2011). To date, no in-situ description or quantification is available in the literature on potential pathogen releases during mortality events in ecosystems where shellfish are cultured.

Using an in-situ approach in the natural environment, the aim of this study was to demonstrate, (i) temporal OsHV-1 dynamic and microbiota community changes in oyster flesh and (ii) the release of OsHV-1 and opportunistic bacteria from oysters into the water column, before, during and after an oyster mortality episode in the Mediterranean Thau lagoon. These data will advance our understanding of the consequences of the massive and recurrent POMS events for the dynamics of potential pathogens in ecosystems where shellfish are cultured.

Material and methods

Experimental design and devices

As described in the paper by [START_REF] Richard | Changes in planktonic microbial components in interaction with juvenile oysters during a mortality episode in the Thau lagoon (France)[END_REF], the experiment was conducted from March to June 2015 in the Thau Lagoon on the French Mediterranean coast (43 • 22 ′ 44.87 ′′ N, 3 • 34 ′ 37.64 ′ E). At the end of March 2015, 27,000 juvenile oysters were purchased from SCEA Charente Naissains (Port des Barques, France). The juveniles originated from the Marennes-Ol´eron area (45 • 58 ′ 16.08 ′′ N, 01 • 06 ′ 16.2 ′′ W), where they were collected on spat collectors in July 2014 and grown until being harvested and shipped to the study site at S`ete for the experiment.

Mean total wet weight (WW) and length (±SD) measured on arrival at the laboratory were 0.49 ± 0.02 WWg and 1.8 ± 0.02 cm, respectively. After two days of acclimation in laboratory tanks, the juvenile oysters were placed in eighteen lantern nets (Ø: 45 cm, H: 105 cm) comprised of seven shelves at a stocking density of 100, 200, 350 individuals per shelf. The 18 lanterns of oyster juveniles were then suspended from an experimental structure (called a table) and immersed one metre below the surface of Thau Lagoon (Fig. 1). The water depth at the site was 4 m.

A first batch of six lanterns was randomly chosen and used to study oyster juvenile mortality and pathogen dynamics in oyster flesh (Figs. 1A and 2A). The lanterns in this batch were randomly distributed in the right-hand part of the table so as to be accessible by boat (Fig. 1A). A second batch of six lanterns of oyster juveniles and two empty lanterns were randomly selected and used to estimate pathogens dynamics and releases into the water column using pelagic chambers (Figs. 1B and2B). The lanterns were randomly located in the first (5 × 5 m) squares of the table (Fig. 2B). Different batches of lanterns were sampled for Tasks A and B (Figs. 1 and2) because in Task A, the lanterns had to be removed from the water and placed in the boat for oyster sampling and counting, which probably dispersed decaying flesh and faeces. The lanterns for Task B were left in the water to limit physical disturbance and possible dispersal of decaying oysters and faeces so that the release of pathogens during the decomposition of the flesh could be measured in real conditions. The other six lanterns of oysters were placed near the first batches but were not sampled. These were used to maximise our chances of observing changes in the water column linked to oyster mortality. The abundance of oyster juveniles used in this study (27,000 ind. per 100 m 2 , see Fig. 2 for details of the area: 270 ind.m 2 ) was lower than in shellfish farms where 1200 lanterns containing 350 individuals per storey were suspended per culture table (1200 × 350 x 7: 2,940,000 ind. per 500 m 2 : ie. 5880 ind.m 2 , see Fig. 2 in [START_REF] Gangnery | Growth model of the pacific oyster, Crassostrea gigas, cultured in Thau lagoon (Méditerranée, France)[END_REF] for details of the size and structure of a standard culture table in the Thau lagoon).

Task A: oyster juvenile mortality and pathogen dynamics in oyster flesh

Throughout the experiment, on the central shelf, the numbers of living, dead, and moribund oysters in two lanterns per stocking density were counted at weekly intervals (Fig. 1A). As described in [START_REF] Richard | Changes in planktonic microbial components in interaction with juvenile oysters during a mortality episode in the Thau lagoon (France)[END_REF], oysters were qualified as (i) dead, when their valves were open at emersion; (ii) alive, when their valves were closed at emersion; or (iii) moribund, when their valves did not close properly and air bubbles escaped when pressure was exerted on the two valves. Dead oysters were removed from the sampled shelf at each sampling point. "Instantaneous" rates of mortality and moribund oysters were calculated each week from the number of dead or moribund individuals on the shelf relative to the total number of oysters observed. Cumulative mortality rates were calculated each week from the sums of dead oysters observed from the beginning of the experiment to the initial number of oysters per shelf. These data were used to identify different steps of the mortality episode termed "before", "starting", "moribund", "mortality" and "post-mortality". In parallel, each week, two batches of three oysters were randomly sampled on the central shelf of each lantern for OsHV-1 and microbiota analysis (7 weeks x 3 densities (100, 200, 250) x 2 lanterns x 2 batches, n = 84) (Fig. 2A).

Task B: Pathogen dynamics in the water column and releases

At weekly intervals before, during, and after the mortality event, four 425-L pelagic chambers (150 cm Height, 60 cm Ø, Fig. 2B) were positioned by divers around two sets of four lanterns either containing no oysters (0: absence), or 100, 200, or 350 oysters (presence: Fig. 2B). During placement, pelagic chambers were first delicately positioned around each lantern (Fig. 1B). Next, the pelagic chambers were closed at the top with a waterproof cap (Figs. 1B and2B). There was only one lantern per pelagic chamber as shown in Fig. 1 and described in Fig. 2B. The principle behind incubation in the pelagic chambers was to enclose the oysters in a closed system without water renewal. Over time, the oysters would consume the available oxygen via respiration, and the oxygen concentration would consequently decrease. Using this confinement, we were able to measure the exchanges at the interface of the oyster lanterns and determine what is consumed (e.g., phytoplankton), excreted (e.g., ammonium, phosphates) or released (e.g., pathogens). To be able to measure these fluxes, the incubation time had to be long enough to induce significant variability of the concentrations observed at the beginning and end of incubation without stressing the oysters. In this study, incubation was limited to 5 h to enable measurement of significant pathogen releases without causing physiological stress to the juvenile oysters. Oxygen depletion did not exceed 20% and oxygen levels always remained above 70% according to the values recorded by each of the HOBO U26 Dissolved Oxygen loggers (Fig. 1B). Water was sampled from each pelagic chamber at the beginning and end of the five-hour-incubation period (T0, Tf; Figs. 1B and2B) at each stocking density and in each sampling week for the analysis of OsHV-1 and microbiota analysis in the water column. The water was sampled in the pelagic chamber using a tube, a peristaltic pump and a series of plastic bottles (previously cleaned with 1N chlorhydric acid), from a platform as shown in Fig. 1C. At the end of the incubation, the pelagic chambers were removed and placed in the boat, then, back at the laboratory, were cleaned, and stored until the following sampling session. Each sampling week in 2015 was attributed a number (W16 to W22). W16 corresponded to the 13-19th of April, W17 to the 20-26th of April, W18 to 27th of April-3rd of May, W19 to 4-10th of May, W20 to 11-17th of May, W21 to 18-24th of May, and W22 to 25-31st of May, 2015.

Sampling

Oysters

Oyster juveniles were transported to the lab in coolers. They were measured with a calliper and weighed to 10 -3 g on a precision balance. They were dissected. Two batches, comprising the flesh of three oysters were randomly combined in two Eppendorf tubes to produce two samples per lantern for DNA extraction. The Eppendorf tubes were filled with 100% ethanol and stored at -20 • C.

Water

The water samples were transported to the lab in plastic bottles in coolers. Water samples (500 ml) taken at T0 and Tf, were vacuum filtered using 0.22 μm (Acetate Plus) membranes to dissociate free forms of OsHV-1 from those associated with living and non-living particles. The membranes were placed in Eppendorf tubes filled with 100% ethanol and kept at -20 • C. The 0.22 μm-filtered water samples were placed in 50-ml sterile tubes and kept at -20 • C. The samples taken at T0 in the absence of oysters (0) were used to describe the dynamics of OsHV-1 and microbiota in the water column over time (6 weeks x 2 lanterns, n = 12). The samples taken at Tf were used to compare and quantify changes in OsHV-1 levels and microbiota composition in the water in the pelagic chamber in the presence and in the absence of oysters over time (5 weeks (no Tf data in W16) x 4 densities (0,100,200,350) x 2 lanterns, n = 40).

Quantification of OsHV-1 and microbiota analyses were conducted from common DNA extractions of the same samples of oyster flesh and water.

Nucleic acid extraction

Environmental DNA from the filters was extracted and purified using the standard current molecular biology protocols described in unit 2.2.1 [START_REF] Ausubel | Preparation of genomic DNA from mammalian tissue[END_REF]. Total DNA from oyster tissues was extracted and purified using the Wizard® SV Genomic DNA Purification System (Promega). Briefly, using a pellet mixer, oyster flesh samples were homogenised on ice in a 1.5-mL microtube containing a digestion solution (10 mM Tris-Base, pH 8, 100 mM NaCl, 25 mM EDTA dihydrate, 0.5% SDS, 0.1 mg/mL proteinase K), and then incubated at 55 • C overnight. The remaining oyster tissues were centrifuged at 2000 g for 2 min and DNA was extracted from the supernatant according to the manufacturer's instructions. After purification, the DNA from the oyster tissues and filters was kept in 100 μL of DNAse/RNAse-Free distilled water at -20 • C until qPCR and 16S rDNA barcoding.

The concentration and purity of the DNA were checked with a Nanodrop ND-1000 spectrometer (Thermo Scientific).

Quantification of OsHV-1

Ostreid herpesvirus type 1 genomic DNA was detected and quantified using quantitative PCR (qPCR). A LightCycler® 480 System (Roche) was used for qPCR with the following programme: enzyme activation at 95 • C for 10 min, followed by 40 denaturation cycles (95 • C, 10 s), hybridisation (60 • C, 20 s) and finally elongation (72 • C, 25 s). The PCR reaction volume used was 6 μL. Each volume contained LightCycler 480 SYBR Green I Master mix (Roche), 100 nM of pathogen-specific primers and 1 μl of 100 ng sample DNA. Pathogen-specific primer pair sequences were as follows: C9: 5 ′ -GAG GGA AAT TTG CGA GAG AA-3 ′ , sense and C10: 5 ′ -ATC ACC GGC AGA CGT AGG-3 ′ , antisense (Pepin et al., 2008´ ). Subsequently, an amplicon melting temperature curve was generated to check the specificity of the amplification products. The absolute number of viral DNA copies of OsHV-1 was estimated by comparing the observed Cq values to a standard curve of the C9-C10 amplification product cloned into the pCR2.1-TOPO vector [START_REF] Green | Poly I: C induces a protective antiviral immune response in the Pacific oyster (Crassostrea gigas) against subsequent challenge with Ostreid herpesvirus (OsHV-1 μvar)[END_REF]. Viral DNA copy numbers were reported with respect to sampled flesh weight and filtered water volume expressed per g -1 or mL -1 .

Variations in OsHV-1 DNA copies over time were calculated based on the absence (Equation ( 1)) and presence of oyster juveniles (Equation ( 2)) according to the following equations where V corresponds to the volume of the chamber (425 L):

(1) Absence: (CopiesC9C10.lantern -1 . h

-1 ) = ([0: absence]Tf -[0: absence]T0)/(Tf-T0) x V (2) Presence: (CopiesC9C10.lantern -1 . h -1 ) = ([presence]Tf -[absence]T0)/(Tf-T0) x V

Analysis of bacterial microbiota

For each sample, 16S rDNA amplicon libraries were generated using the 341F-CCTACGGGNGGCWGCAG and 805R-GACTACHVGGGTATCTAATCC primers targeting the variable V3-V4 loops for bacterial communities [START_REF] Klindworth | Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-generation sequencing-based diversity studies[END_REF]. Before the library was constructed, DNA was purified a second time using the Macherey-Nagel tissue kit (reference 740952.250) according to the manufacturer's instructions. Paired-end sequencing with a 250-bp read length was performed at the "Bio-Environnement" UPVD technology platform (University of Perpignan Via Domitia Perpignan, France) on a MiSeq system (Illumina) using v2 chemistry according to the manufacturer's protocol. The FROGS pipeline (Find Rapidly OTU with Galaxy Solution) implemented on a galaxy instance was used for data processing (Escudi´e et al., 2018). In brief, paired reads were merged using FLASH (Magoˇc and Salzberg, 2011). After denoising and primer/adapter removal with Cutadapt [START_REF] Martin | Cutadapt removes adpter sequences from high-throuhput sequencing reads[END_REF], clustering was performed with SWARM, which uses a clustering algorithm with a threshold (distance = 3) corresponding to the maximum number of differences between two OTUs (Mah´e et al., 2014). Chimeras were removed using VSEARCH [START_REF] Rognes | VSEARCH: a versatile open source tool for metagenomics[END_REF]. The dataset was filtered for sequences present in minus in 3 samples and the remaining data were rarefied to allow for even coverage across all samples. We then produced affiliations using BLAST against the Silva 16S rDNA database (release 132, Dec 2017) to produce an OTU and affiliation table in the standard BIOM format. Rarefaction curves of the species richness were generated using the R package and the rarefy_even_depth and ggrare functions [START_REF] Mcmurdie | Phyloseq: an R package for Reproducible interactive analysis and graphics of microbiome census data[END_REF]. We used phyloseq for community composition analysis, to infer alpha diversity metrics at the OTU level, as well as beta diversity (between sample distance) from the OTU table. Community similarity was assessed by principal coordinate analysis (PCoA) using the Bray-Curtis dissimilarity.

Statistical analyses

PERMANOVA was used to test the influence of the sampling week and of the density and their interaction (Week x Density) on mortality rates and OsHV-1 concentrations in oyster flesh and in the water column. Given that oyster density (100, 200, 350) was not found to affect mortality rates and OsHV-1 concentrations in oyster flesh and the water column, the effect of week, oyster presence (0: absence vs. presence: 100, 200, 350) and their interactions (Week x Presence) on OsHV-1 fluxes were tested to demonstrate the effect of oysters on OsHV-1 and bacteria releases. A posteriori tests were performed to compare individual means with each other when significant variations were observed. Analyses were performed with JMP and PRIMER software, and the PERMANOVA package (Plymouth Routines in Multivariate Ecological Research [START_REF] Clarke | Changes in Marine Communities: an Approach to Statistical Analysis and Interpretation[END_REF].

Principal coordinate analyses (PCoA, {phyloseq}) were computed to represent dissimilarities between samples using the Bray-Curtis distance matrix. We used DESeq2 [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF] to identify candidate taxa (OTU rank) with changes in abundances between the initial and different time points of the kinetics (Tf vs. T0 each week for water and W17 to W20 vs. W16 for oyster flesh). Heatmaps of genera with significant changes in abundances were then computed using relative abundances and Multiple Array Viewer software.

Results

Mortality kinetics

As already described by [START_REF] Richard | Changes in planktonic microbial components in interaction with juvenile oysters during a mortality episode in the Thau lagoon (France)[END_REF], mortality of juvenile oysters occurred in the Thau lagoon between April and May 2015 (Fig. 3A). Instantaneous rates of mortality and of moribund oysters varied significantly with the week (p = 0.001, n = 42), but not with the density (moribund p = 0.6, mortality p = 0.9, n = 42) or "week x density" interactions (moribund p = 0.9, mortality p = 0.4, n = 42). The number of moribund oysters (32 ± 3%) peaked in week 18 (Fig. 3A) one week before the highest mortality rate was reached in week 19 (32 ± 5%: Fig. 3A). These weeks were thus categorised as "moribund" and "mortality" stages, respectively. At the end of the event (W22), the cumulative mortality rate reached 54.2 ± 1.1%. Based on these results, different periods related to oyster mortality were defined as follows: "before" (W16) "starting" (W17), "moribund" (W18), "mortality peak (W19), "post-peak" (labelled 1, 2, 3 for W20, 21 and 22, respectively; Fig. 3).

Dynamics of OsHV-1 in oyster flesh and in the water column

Concentrations of OsHV-1 [flesh] (log10 (x+1)) varied significantly according to week and density interactions (p = 0.002) with no significant variation observed among density during W16, W18, W19 and W21, but with higher means for the 100 density in W17 and W20. Significant variations in OsHV-1 [flesh] over time were observed within densities. Mean OsHV-1[flesh] dynamics preceded the mortality dynamics (Fig. 3B). Concentrations of OsHV-1[flesh] (copies.g -1 ) started to increase from W17 (8.9 × 10 +04 ), during the "starting" period, and reached maximum levels at the "moribund peak" (W18: 1.09 × 10 +07 copies.g -1 ), before decreasing from W19 (7.1 × 10 +06 copies.g -1 ) to W20 (7.79 × 10 +04 ) and becoming undetectable in W21 (Fig. 3B; Appendix C).

OsHV-1 was quantified in the water column, i.e. associated with living and non-living particles (Suspended Particulate Matter SPM > 0.22 μm), but was not detected in the free form (i.e., in 0.22 μm-filtered water) (Appendix D). The highest mean amount of OsHV-1 [SPM > 0.22 μm] in the absence of oyster (0, T0) was observed in W18 (112.5 ± 86.8 copiesC9C10.mL -1 , Fig. 3C), but the temporal dynamics were nevertheless not significant (n = 12, p = 0.062). OsHV-1 amounts [SPM > 0.22 μm] increased during the 5-h incubation period in the presence of oysters in the pelagic chambers. Mean OsHV-1 amounts [SPM > 0.22 μm] in the presence of oysters and at the final time point ranged from 1503 to 23,251 C9C10 copies.ml -1 between W17 and W19, with the highest mean observed in W18 (Fig. 3C). Positive fluxes of OsHV-1 DNA copies (C9C10 copies) were observed in the pelagic chambers in presence of oysters, corresponding to the release of OsHV-1 DNA copies from oysters into the surrounding water. Release of OsHV-1 varied significantly according to "oyster presence and week" interactions (p = 0.001, n = 38), with higher means observed in the presence than in the absence of oysters in W18 and W19 (*: Fig. 4). Release of OsHV-1 DNA started in W17, and the highest mean was reached in W18 with 2.1 ± 0.5 × 10 9 copies OsHV-1.oyster lantern -1 .h -1 . In W19, OsHV-1 release was still significant, but lower, while no significant OsHV-1 release was observed in W20 and W22 (Fig. 4). Fluxes of OsHV-1 DNA were positively correlated with the concentrations observed in oyster flesh (R2 = 0.4; p < 0.001, n = 28).

Dynamics of bacterial microbiota in oyster flesh and in the water column

To investigate the dynamics of the oyster flesh and water column microbiota during the disease episode, we analysed total bacterial communities using 16S metabarcoding over the six weeks of the experiment. A total of 7,011,267 reads were obtained from 142 libraries (Appendix A, B). After the cleaning steps and filtering, 5,009,278 sequences corresponding to 8391 OTUs were kept for further analyses (Appendix A, B). Notably, the 100 most abundant OTUs accounted for more than 75% of all the sequences. Microbiota OTU richness assessed by a Chao1 index was higher in the sea water samples than in the oyster flesh samples (Anova, d.f. = 1, p < 2e-16; Fig. 5A). In addition, the Shannon microbiota alpha diversity index was also significantly higher in water samples (Anova, d.f. = 1, p < 2e-15; Fig. 5A), demonstrating that bacterial diversity in sea water was higher than in oyster flesh. Class-level assignment of bacterial OTUs indicated dominance of Gammaproteobacteria in oyster flesh samples, whereas the dominant classes in the water samples were Alphaproteobacteria, Actinobacteria and Bacteroidia (Fig. 5B). Lastly, principal coordinate analysis based on the Bray-Curtis dissimilarity index showed partitioning of bacteria (Multivariate Anova, pvalue <1e-04) into communities originating from water or from oyster flesh (Fig. 5C), whereas no partitioning was observed according to density in water (Multivariate Anova, pvalue = 0.12) or in oyster flesh ((Multivariate Anova, pvalue = 0.36). Taken together, these results demonstrate a difference in the bacterial microbiota found in seawater and oyster flesh.

Bacterial communities were analysed and identified at the genera level (Fig. 6) during the POMS episode. The most significant changes in bacterial communities occurred in oyster flesh where several bacterial taxa increased in relative abundance at the onset of mortality (Fig. 6, oyster, clusters I and II). Some genera appeared in W17 during the "starting period" (e.g. Vibrio to Bacteroidia Fig. 5 Cluster I and Flavobacterium to Sulfurovum, Fig. 6, oyster, Cluster II) whereas others increased in W18 during the "moribund peak" (Marinifilacea, Psychrilyobacter, Arcobacter and Psychrobium Fig. 6, oyster, cluster I), just before the mortality peak in W19 during which Bacteroides and Clostridiales were observed (Fig. 6, oyster, cluster I).

Interestingly, some of the bacteria (cluster I) were also found in the surrounding water during the moribund and/or mortality peaks. Higher relative abundances of the opportunistic bacterial genera (Vibrio, Roseimarinus, Bacteroidia, Marinifilacea, Psychrilyobacter, Arcobacter, Psychrobium, Bacteroides, Clostridiales and Saprospira) were observed in the water column during the moribund and mortality periods (Fig. 6, Water, Cluster I).

Discussion

Pacific Oyster Mortality Syndromes have been reported worldwide and have devastated Pacific oyster (Crassostrea gigas) juveniles [START_REF] Garcia | Ostreid herpesvirus 1 detection and relationship with Crassostrea gigas spat mortality in France between 1998 and 2006[END_REF][START_REF] Mineur | Phylogeographical analyses of shellfish viruses: inferring a geographical origin for ostreid herpesviruses OsHV-1 (Malacoherpesviridae)[END_REF][START_REF] Pernet | Mass mortalities of Pacific oysters Crassostrea gigas reflect infectious diseases and vary with farming practices in the Mediterranean Thau lagoon[END_REF]Pernet et al., , 2014a;;[START_REF] Segarra | Detection and description of a particular Ostreid herpesvirus 1 genotype associated with massive mortality outbreaks of Pacific oysters, Crassostrea gigas, in France in 2008[END_REF]. This study is the first to simultaneously describe the dynamics of OsHV-1 loads over time and changes in the microbiota community in oyster flesh in-situ, and to document the release of OsHV-1 and opportunistic bacteria from oysters into the water column during a mortality event.

Temporal dynamics of oyster flesh microbiota

The 54% mortality rate of oyster juveniles recorded in the Thau lagoon from April to May 2015 occurred during the same time period as all the other POMS events that have occurred every year since 2008 [START_REF] Pernet | Environmental anomalies, energetic reserves and fatty acid modifications in oysters coincide with an exceptional mortality event[END_REF][START_REF] Pernet | Mass mortalities of Pacific oysters Crassostrea gigas reflect infectious diseases and vary with farming practices in the Mediterranean Thau lagoon[END_REF](Pernet et al, , 2014b;;[START_REF] Richard | Changes in planktonic microbial components in interaction with juvenile oysters during a mortality episode in the Thau lagoon (France)[END_REF], when the water temperature rises to 17 • C [START_REF] Pernet | Mass mortalities of Pacific oysters Crassostrea gigas reflect infectious diseases and vary with farming practices in the Mediterranean Thau lagoon[END_REF]. The oyster densities observed were not found to have an effect either on the mortality rate, or on herpesvirus dynamics, or on changes in the community of bacteria in oyster flesh. It would be interesting to confirm this result with higher densities (i) at the scale of the lantern, knowing that oyster farmers can introduce up to 600 individuals per storey, but also (ii) at the scale of the culture tables in the Thau lagoon (see Fig. 2 in [START_REF] Gangnery | Growth model of the pacific oyster, Crassostrea gigas, cultured in Thau lagoon (Méditerranée, France)[END_REF], where oysters can be reared at a maximum density of 3 million juveniles per 500 m 2 table. OsHV-1 DNA was detected in the flesh of the oysters during the POMS episode. Viral load ranges were comparable to those quantified in oyster flesh during mortality events in France [START_REF] Pernet | Mass mortalities of Pacific oysters Crassostrea gigas reflect infectious diseases and vary with farming practices in the Mediterranean Thau lagoon[END_REF](Pernet et al, , 2014b;;[START_REF] Renault | 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[END_REF], or Australia [START_REF] Paul-Pont | Influence of husbandry practices on OsHV-1 associated mortality of Pacific oysters Crassostrea gigas[END_REF], 2014;Whittington et al., 2015b). OsHV-1 DNA was detected in oyster flesh one week before the first visual symptoms of infection, i.e., dysfunction of valve closure at emersion. The temporal dynamics of the OsHV-1 DNA quantified in oyster flesh could be compared to a Gaussian curve, as already shown for pools of infected oyster juveniles [START_REF] Richard | Influence of OsHV-1 oyster mortality episode on dissolved inorganic fluxes : an ex situ experiment at the individual scale[END_REF]D. Schikorski et al., 2011). The phase during which increases were observed may correspond to the replication phase of OsHV-1, thereby compromising the oyster immune system and subsequently leading to bacteraemia and mortality (de Lorgeril et al., 2018b). The descending phase corresponds to periods during which effective control of viral replication is achieved in surviving oysters, as previously observed for oyster juveniles [START_REF] He | Transcriptome analysis reveals strong and complex antiviral response in a mollusc[END_REF]. A shift in oyster microbiota in favour of opportunistic bacteria such as Vibrio, Arcobacter, Psychrobium and Psychrilyobacter, all previously found to be associated with oyster mortality (de Lorgeril et al, 2018a(de Lorgeril et al, , 2018b;;[START_REF] Lasa | Dynamics of the Pacific oyster pathobiota during mortality episodes in Europe assessed by 16S rRNA gene profiling and a new target enrichment next-generation sequencing strategy[END_REF][START_REF] Le Roux | Oysters and Vibrios as a model for disease dynamics in wild animals[END_REF][START_REF] Lokmer | Hemolymph microbiome of Pacific oysters in response to temperature, temperature stress and infection[END_REF], was also observed during the POMS episode. As already observed using an experimental infection approach (de Lorgeril et al., 2018b), these results confirmed in-situ that disease in juvenile oysters arises from infection involving OsHV-1 and a shift in oyster microbiota in favour of opportunistic bacteria.

Release of pathogens from oysters into the water column

Although the herpes virus is around 70-80 nm in size [START_REF] Renault | Herpes-like virus infecting Japanese oyster (Crassostrea gigas)[END_REF][START_REF] Renault | Concomitant herpes-like virus infections in hatchery-reared larvae and nursery-cultured spat Crassostrea gigas and Ostrea edulis[END_REF], protocols used for conditioning and sampling were unable to detect OsHV-1 DNA in the free form in water filtered at < 0.22 μm. By contrast, OsHV-1 DNA combined with suspended matter was detected in the proximity of oyster lanterns in shellfish farms. This suspended matter may correspond to living and non-living particles, but currently, we have no information concerning their size class (pico, nano, microplankton), the composition of the particles (organic, mineral) or their type (procaryotes, eucaryotes). Indeed, we do not know whether OsHV-1 was associated with any type of suspended matter or whether the OsHV-1 was associated with dead oyster tissue and/or organisms involved in their decomposition (bacteria, heterotrophic flagellates, ciliates) whose abundance increased during the mortality episode [START_REF] Richard | Changes in planktonic microbial components in interaction with juvenile oysters during a mortality episode in the Thau lagoon (France)[END_REF]. Further studies are thus required to investigate the association of OsHV-1 with particles in the water column to better understand the fate of OsHV-1 and its life cycle in marine environments.

The structure of the bacterial community in oyster flesh differed significantly from that observed in the water column in terms of alpha and beta diversity, with a higher alpha diversity in the water than in the oysters, as previously reported by [START_REF] Lokmer | The role of tissue-specific microbiota in initial establishment success of Pacific oysters[END_REF]. These differences were associated with the dominance of Gammaproteobacteria in oyster flesh vs. Alphaproteobacteria, Actinobacteria and Bacteroidia in water samples. These results are in agreement with those of [START_REF] Pujalte | Aerobic and facultative anaerobic heterotrophic bacteria associated to Mediterranean oysters and seawater[END_REF] and [START_REF] Lokmer | The role of tissue-specific microbiota in initial establishment success of Pacific oysters[END_REF], who observed dominance of Alphaproteobacteria in water.

This study is original in that it used an in-situ approach and pelagic chambers to enable observation of pathogen dynamics in oysters and in the water column during an episode of POMS in situ. As observed in laboratory experiments [START_REF] Evans | Distribution of Ostreid herpesvirus-1 (OsHV-1) microvariant in seawater in a recirculating aquaculture system[END_REF][START_REF] Sauvage | Ostreid herpes virus 1 infection in families of the Pacific oyster, Crassostrea gigas, during a summer mortality outbreak: differences in viral DNA detection and quantification using real-time PCR[END_REF]D. Schikorski et al., 2011), we confirmed that the OsHV-1 load in the water column increased in proximity to infected oysters. Release of OsHV-1 started one week before the first clinical symptoms were observed and reached maximum values (23,251 C9C10 copies.ml -1 ) when the moribund rate was highest (32 ± 3%). During this "moribund phase", 2 billion viral particles were released per hour and per oyster lantern into the water column. Release of OsHV-1 correlated with the OsHV-1 load observed in oyster flesh, suggesting that moribund and dead infected oysters are major sources of the virus, as suggested by [START_REF] Sauvage | Ostreid herpes virus 1 infection in families of the Pacific oyster, Crassostrea gigas, during a summer mortality outbreak: differences in viral DNA detection and quantification using real-time PCR[END_REF]. In addition to the release of OsHV-1, we also describe an increase in the occurrence of several genera of bacteria in the surrounding water during incubation in pelagic chambers in the presence of oysters. These included Vibrio, Roseimarinus, Psychrobium, Arcobacter, Psychrilyobacter and Clostridiales, all previously shown to be associated with oyster mortality [START_REF] Clerissi | Microbiota composition and Evenness predict survival rate of oysters confronted to pacific oyster mortality syndrome[END_REF]de Lorgeril et al., 2018b;[START_REF] Lasa | Dynamics of the Pacific oyster pathobiota during mortality episodes in Europe assessed by 16S rRNA gene profiling and a new target enrichment next-generation sequencing strategy[END_REF][START_REF] Le Roux | Oysters and Vibrios as a model for disease dynamics in wild animals[END_REF][START_REF] Lokmer | Hemolymph microbiome of Pacific oysters in response to temperature, temperature stress and infection[END_REF]. The transfer of these opportunistic bacteria from oysters into the water column reached maximum during the moribund phase and the mortality peak.

An increase in the OsHV-1 load and in opportunistic pathogenic bacteria in the water column may allow spread of the disease in the environment as suggested for OsHV-1 during cohabitation experiments between infected and naïve oysters (Petton et al., 2015a;2013;Schikorski et al., 2011). Spread of the disease from infected to healthy oysters may be favoured by hydrodynamic currents and connectivity, as previously suggested [START_REF] Pernet | Mass mortalities of Pacific oysters Crassostrea gigas reflect infectious diseases and vary with farming practices in the Mediterranean Thau lagoon[END_REF](Pernet et al, , 2014a) ) given that strong hydrodynamic connectivity has previously been observed between shellfish farms in the Thau lagoon [START_REF] Lagarde | Duality of trophic supply and hydrodynamic connectivity drives spatial patterns of Pacific oyster recruitment[END_REF]. Bearing in mind that OsHV-1 and some of the opportunistic bacteria released into the environment are known to cause diseases in other marine species (bivalves, holothurians, fish: Table 1), these transfers of pathogens could cause mortality of larval or juvenile stages of other marine species during POMS. The abundance of these species could thus decrease over time before the latter disappear in the long term. Consequently, we hypothesise that the transfers of pathogens could reduce marine biodiversity in ecosystems exploited by shellfish farming, particularly in confined environments such as the Thau lagoon. The impact of these massive and recurrent POMS events on other species, as well as the role of other ecological compartments on disease spread now needs to be investigated in other types of ecosystems.

Conclusion and perspectives

This study demonstrated, for the first time in a natural environment, the successive release of OsHV-1 and opportunistic bacteria from oysters into the water column during a 3-week period, i.e., during a POMS episode. These viral and bacterial transfers into the water column may favour the spread of disease between oysters within farms. Further analyses are required to evaluate the effect of these pathogen releases on other marine organisms to determine the consequences of massive oyster mortality on marine biodiversity in oyster growing ecosystems.

Figure 1

Schematic drawing of the experimental "table" and location of the different batches of lanterns used for evaluation A) Mortality rate and pathogen dynamics in oyster flesh (blue batch) and B) Pathogen dynamics in the water column and releases using the pelagic chamber (green batch). Photographs illustrating A) oyster sampling, B) how the lantern is incubated in the pelagic chamber, and C) water being pumped into the pelagic chamber.

Figure 2

Experimental designs to evaluate A) Mortality rate and pathogen dynamics in oyster flesh and B) Pathogen dynamics in the water column and releases. Experimental designs were conducted with 3 or 4 stocking densities (0,100,200,350) to assess absence (0) vs. oyster presence or density (100,200,350) over 7 or 6 weeks, depending on the parameter studied (A or B respectively). To estimate pathogen dynamics and releases, the eight lanterns (0,100,200,350) were incubated one a week for 5 h using four pelagic chambers over two days, at a rate of 4 incubations per day. Water was sampled at 2 time points during the incubation: at the initial (T0) and at the final time point (Tf: i.e. after 5 h). The diagram and photo illustrate a pelagic chamber composed of a cylindrical tube, a waterproof cap, a water circulation system driven by an independent pump and an oxygen optode probe. Modified from [START_REF] Richard | Changes in planktonic microbial components in interaction with juvenile oysters during a mortality episode in the Thau lagoon (France)[END_REF]. 

Figure 4

Mean (±SE) OsHV-1 releases from the lanterns into the surrounding water column in presence or absence of oysters according to sampling weeks (W16: 13-19th of April, W17: 20-26th of April, W18: 27 April-3rd of May, W19: 4-10th of May, W20: 11-17th of May, W21: 18-24th of May and W22: 25-31st of May 2015). Different letters indicate significant differences between weeks in the presence of oysters. Stars indicate significant differences according to the absence/presence of oysters in a given week.

Figure 5

Bacterial microbiota analyses: A) Box plots of alpha diversity (Chao1 and Shannon) indices observed in water and oyster flesh, B) Composition of bacterial communities observed in oyster flesh and in water according to sampling weeks (W16: 13-19th of April, W17: 20-26th of April, W18: 27 April-3rd of May, W19: 4-10th of May, W20: 11-17th of May and W22: 25-31st of May 2015) and C) Principal coordinate analysis (PCoA) plot of the Bray-Curtis dissimilarity matrix comparing oyster flesh and water samples whatever the oyster density (100,200,350). The axes of the PCoA represent the two synthetic variables that explained the most variation of the dataset.

Figure 3 A

 3 Figure 3 A) Mean (±SE Standard Error) instantaneous moribund and mortality rates (from Richard et al., 2019), B) OsHV-1 concentrations in oyster flesh (Log10 (copies + 1.g -1 )) and C) in the water column (i.e. associated with >0.2 μm-Suspended Particulate Matter SPM, copies.mL -1 ), observed in absence of oysters at the start of incubation (T0: values are on the left axis) and in the presence of oysters at the final incubation time point (Tf: values are on the right axis), according to the sampling week (W16: 13-19th of April, W17: 20-26th of April, W18: 27th of April-3rd of May, W19: 4-10th of May, W20: 11-17th of May, W21: 18-24th of May and W22: 25-31st of May 2015). Different letters indicate significant differences among weeks.
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Figure 6

Heatmap of the bacterial genera that significantly changed in relative abundance during the in-situ POMS episode. Relative abundances are given for oyster flesh (left part) and for the water column (right part). Sampling weeks are the same as in Fig. 3. Only genera with a relative proportion >5% in at least one sample are shown. The intensity level of the yellow represents the relative abundance of bacterial taxa.

Table 1

A non-exhaustive list of different pathogens found to cause diseases in different marine species (see references) belonging to the list of bacterial genera that were released into the water surrounding the suspended oyster lanterns during the mortality episode studied here.

Pathogen

Species Host Species References