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Introduction

I The Vibrionaceae represent a major part of bacterial biomass in the ocean Marine bacteria have been described as "the unseen majority" (about 10 6 bacteria per milliliter) because they represent a large proportion of genetic diversity and overall biomass in the ocean while being microscopic [START_REF] Whitman | Prokaryotes: The unseen majority[END_REF]. Bacteria are ubiquitous in the marine environment, where they play major roles in several biogeochemical processes. They notably regulate atmospheric carbon dioxide by recycling it into organic compounds and they participate in oceanic primary production [START_REF] Falkowski | Biogeochemical Controls and Feedbacks on Ocean Primary Production[END_REF]. In spite of being highly abundant and playing critical functions in their environment, there is still a lot of progress required to explore diversity, structural organization and functional potential of bacteria.

Advances in community DNA shotgun sequencing, has considerably improved our knowledge of the taxonomic diversity and genetic content of ocean microbial communities. However, considering the tremendous genetic diversity of the bacterial kingdom and difficulties in sampling some extreme environments, the vast majority of the global microbiome is still unknown. The large-scale sampling campaign Tara Oceans, covering 64 sites worldwide and several seawater depths, highlighted that microbial communities were highly heterogeneous, and revealed strong disparity in abundance, diversity and turn-over of the microbial composition [START_REF] Sunagawa | Structure and function of the global ocean microbiome[END_REF]. To date, Alphaproteobacteria, Gammaproteobacteria, Cyanobacteria and Deferribacteres are considered to be the most abundant classes of bacteria in the ocean.

Within the Gammaproteobacteria class, the Vibrionaceae (figure 1), thereafter named vibrios usually only represent a small percentage of total bacteria [START_REF] Gilbert | Defining seasonal marine microbial community dynamics[END_REF].

However, they have a relatively big size compared to other marine bacteria with a single-cell biomass ten times bigger than Prochlorococcus (Cyanobacteria) and one hundred times bigger than Pelagibacter (Alphaproteobacteria) [START_REF] Cermak | Direct single-cell biomass estimates for marine bacteria via Archimedes' principle[END_REF]. This distinctive feature highlights the importance of the Vibrionaceae in biogeochemical cycles and more broadly in ecological interactions in the ocean. In addition, the family Vibrionaceae is of major interest due to the health and ecological impacts it has on its environment [START_REF] Dubert | New Insights into Pathogenic Vibrios Affecting Bivalves in Hatcheries: Present and Future Prospects[END_REF][START_REF] Rosenberg | The role of microorganisms in coral health, disease and evolution[END_REF]. Relative abundance of vibrios is highly dynamic. Indeed, in favorable conditions, vibrios can go from barely detectable to being the predominant bacteria in term of abundance in a very short-time (<day) [START_REF] Gilbert | Defining seasonal marine microbial community dynamics[END_REF][START_REF] Martin-Platero | High resolution time series reveals cohesive but short-lived communities in coastal plankton[END_REF]. Blooms of vibrios are linked to their fast replication abilities and depend on biotic and abiotic factors. For instance, a high abundance of vibrios is related to plankton blooms as they result in an increase in nutrients that vibrios can exploit to feed on. Decline in abundance derives from lower available nutrients, less favorable conditions and also from predation. In fact, the relatively big size of vibrios makes them subject to a higher predation rate by protozoa and phages, which significantly contributes to population control [START_REF] Faruque | Role of phages in the epidemiology of cholera[END_REF][START_REF] Matz | Biofilm formation and phenotypic variation enhance predation-driven persistence of Vibrio cholerae[END_REF]. In addition, when they are facing unfavorable environmental changes, vibrios can adopt a survival mode e.g a viable but non-culturable state [START_REF] Colwell | Viable but nonculturable bacteria: a survival strategy[END_REF].

II.B Vibrios can adopt several feeding strategies to survive Vibrios are heterotrophic bacteria, which means that they use organic matter as a carbon source. Aquatic environments represent a heterogeneous habitat in which there are areas of very low abundance in nutrients contrary to rich zones of dissolved organic compounds. To survive in this patchy environment, vibrios have adopted several ecological strategies: they can exploit the generally lower, ephemeral, but more evenly distributed dissolved nutrients, they can attach to particles or to phyto-and zooplankton [START_REF] Stocker | Rapid chemotactic response enables marine bacteria to exploit ephemeral microscale nutrient patches[END_REF], or they can initiate a mutualistic or pathogenic interaction with higher organisms.

II.B.1 Adopting a free-living lifestyle assures more abundant food

The first strategy is adopted by the free-living bacteria, also called planktonic bacteria.

They feed on dissolved nutrients derived from zooplankton excretions, plumes of exudates in the wake of sinking or swimming phyto-and zooplankton, and from macroscopic organic aggregates described as marine snow (figure 3) [START_REF] Alldredge | Characteristics, dynamics and significance of marine snow[END_REF][START_REF] Stocker | Ecology and physics of bacterial chemotaxis in the ocean[END_REF]. These nutrient patches can also come from the lysis of organisms following viral infection. Once the patch does not provide enough nutrients, vibrios move rapidly to reach another richer patch [START_REF] Yawata | Competition-dispersal tradeoff ecologically differentiates recently speciated marine bacterioplankton populations[END_REF]. The free-living lifestyle is thought to be adopted by a majority of vibrios. Indeed, it confers the ability to reach a new source of food when facing micro-environments deprived of nutrients and to flee deleterious substances. 

II.B.2 Attachment to particles or plankton confers a stable environment

Vibrios can also live attached to large organic particles or living organisms, the latter constituting a commensal interaction. Attached-feeding mode represents a much more stable micro-environment in which bacteria can metabolize plant and algal polysaccharides (Hehemann et al., 2016), digest dead host tissue or metabolize the chitinous exoskeleton and many other compounds when attached to zooplankton [START_REF] Heidelberg | Bacteria of the gamma-subclass Proteobacteria associated with zooplankton in Chesapeake Bay[END_REF]. In addition to food, attachment also provides protection against environmental stress, predation by phages and grazers and thus constitutes a niche for persistence in the aquatic environment [START_REF] Alam | Viable but nonculturable Vibrio cholerae O1 in biofilms in the aquatic environment and their role in cholera transmission[END_REF][START_REF] Beyhan | Smooth to rugose phase variation in Vibrio cholerae can be mediated by a single nucleotide change that targets c-di-GMP signalling pathway[END_REF][START_REF] Faruque | Transmissibility of cholera: in vivo-formed biofilms and their relationship to infectivity and persistence in the environment[END_REF][START_REF] Matz | Biofilm formation and phenotypic variation enhance predation-driven persistence of Vibrio cholerae[END_REF]. Particles or organisms to which vibrios attach can also serve as a disease vector, as has been previously shown for V.

cholerae attached to zooplankton [START_REF] Lipp | Effects of global climate on infectious disease: the cholera model[END_REF]. As particles or organisms are often colonized by complex microbial communities [START_REF] Simon | Microbial ecology of organic aggregates in aquatic ecosystems[END_REF], adopting this feeding strategy requires the ability to cooperate with and/or compete against other colonizers in order to survive.

II.B.3 Mutualistic and pathogenic interactions provide a specific source of nutrients

Another way to feed is to engage in a mutualistic or pathogenic interaction with another living organism. Specific associations have been suggested many times between vibrios and living organisms [START_REF] Reen | The genomic code: inferring Vibrionaceae niche specialization[END_REF][START_REF] Thompson | Biodiversity of vibrios[END_REF]. However, specific interactions are rarely demonstrated formally. Indeed, co-occurrence does not mean that organisms interact with each other, in particular when the sampling is not based on time serie, or metapopulation analysis (i.e. comparing host/seawater). In addition, isolation of certain vibrios can only result from the feeding mode of their apparent host. Vibrios presence can also be fortuitous and dependent on other biotic/abiotic parameters that are not related to the apparent host. However, some types of interactions have been explored in detail.

A well described example of mutualism (positive interaction for both partners) is the relation between Vibrio fischeri and the squid Euprymna scolopes [START_REF] Mandel | Impact and Influence of the Natural Vibrio-Squid Symbiosis in Understanding Bacterial-Animal Interactions[END_REF][START_REF] Ruby | The Vibrio fischeri-Euprymna scolopes Light Organ Association: Current Ecological Paradigms[END_REF]. V. fischeri colonizes the light organ of the squid which constitutes a very specific and safe niche for this species. Colonization of the host is initiated by the production of the regulator of symbiotic colonization sensor RscS that regulates the "symbiosis polysaccharide" locus syp [START_REF] Yip | The symbiosis regulator rscS controls the syp gene locus, biofilm formation and symbiotic aggregation by Vibrio fischeri[END_REF]. Once the symbiont has colonized the squid, the ciliated appendages of the host light organ undergo apoptosis to avoid further colonization. This regression is induced by the V. fischeri envelope shedding components binding to host receptors [START_REF] Koropatnick | Microbial factor-mediated development in a host-bacterial mutualism[END_REF]. When they reach a certain density, the V. fischeri strains provide a costly service to their host by producing bioluminescence thanks to lux operon encoding the luciferase (luxAB), proteins synthesizing the aldehyde substrate (luxCDE) and quorum sensing transcriptional regulators luxR and luxI [START_REF] Fuqua | Census and consensus in bacterial ecosystems: the LuxR-LuxI family of quorum-sensing transcriptional regulators[END_REF][START_REF] Visick | Vibrio fischeri lux genes play an important role in colonization and development of the host light organ[END_REF]. This light removes the animal shadow on the ground and thus allows the squid to avoid predation by upper organisms [START_REF] Miyashiro | Shedding light on bioluminescence regulation in Vibrio fischeri[END_REF].

Numerous interactions involving vibrios as pathogens have been reported. Vibrios induce damage to their hosts and feed on degraded tissues. Hosts are various and encompass II.C Mechanisms involved in high colonization potential

II.C.1 Motility

The feeding strategies described above require the ability to find and reach nutrient-rich areas, particles or hosts. Vibrio species are motile thanks to one or several flagella. The polar flagellum confers an ability to swim in liquid environment while the lateral flagella are involved in moving over surfaces or swimming in viscous liquids [START_REF] Mccarter | Dual Flagellar Systems Enable Motility under Different Circumstances[END_REF]. The flagellum consists of a molecular motor at the inner membrane of the cell, a hook-basal body complex which forms an export channel, a hook and the rotating filament [START_REF] Aizawa | Signaling components in bacterial locomotion and sensory reception[END_REF]. Rotation of the flagellum is dependent on an energy source that will activate the molecular motor: within the Vibrio, polar flagella are driven by a sodium-motive force while lateral flagella are driven by a proton-motive force [START_REF] Asai | Hybrid motor with H(+)-and Na(+)driven components can rotate Vibrio polar flagella by using sodium ions[END_REF](figure 5). The rotary filament produces a propulsive force on water in a movement similar to an endless screw. Flagella are big organelles; their production, assembly and functioning are very costly for the cell and require the involvement of about 50 genes [START_REF] Macnab | How bacteria assemble flagella[END_REF]. Assembly is tightly regulated and starts from the inner to the outer membrane of the cell e.g from the basal body to the filament [START_REF] Zhu | Structure, gene regulation and environmental response of flagella in Vibrio[END_REF].

Remarkably, the sodium-driven flagellum of vibrios can spin much faster than the protondriven flagellum of Salmonella (1700 vs 300 Hz), indicating that vibrios are relatively fast swimmers [START_REF] Magariyama | Very fast flagellar rotation[END_REF][START_REF] Minamino | The bacterial flagellar motor and its structural diversity[END_REF]. 

II.C.2 Chemotaxis

Bacterial motility is not always random and is tightly linked to chemotaxis [START_REF] Szurmant | Diversity in chemotaxis mechanisms among the bacteria and archaea[END_REF]. Chemotaxis corresponds to the process by which an organism orientates itself according to a chemical gradient, inducing a movement toward an attractive substance or away from a repulsive one. Chemotaxis starts with the binding of a specific ligand to methylaccepting chemotaxis proteins (MCPs). Those chemoreceptors transduce the signal to the chemosensor system and is further relayed to the flagellum motor [START_REF] Lux | Chemotaxis-guided movements in bacteria[END_REF]. Sense of rotation of the flagellum depends on whether the detected chemical is attractant or repulsive [START_REF] Armitage | Bacterial tactic responses[END_REF]. In the case of the free-living feeding strategy, bacteria detect nutrient gradients and move toward highly concentrated food patches. In the attached strategy, the attractant chemicals are molecules secreted by the future host or bacteria already attached to the host/particle [START_REF] Zhu | Structure, gene regulation and environmental response of flagella in Vibrio[END_REF].

II.C.3 Attachment and biofilm formation

Biofilms are complex communities of microorganisms attached to surfaces or associated with interfaces. Those cell aggregates are surrounded by a matrix of heterogeneous biochemical composition. This assemblage induces an enhanced fitness for members of the biofilm communities and resistance to environmental stressors such as predation and antibiotics.

Biofilm formation is thus a strategy to persist and survive in the aquatic environment but requires bacteria to coexist and compete for limited space and nutrients [START_REF] Rendueles | Mechanisms of Competition in Biofilm Communities[END_REF]. Biofilm genesis has been extensively studied for V.cholerae [START_REF] Teschler | Living in the matrix: assembly and control of Vibrio cholerae biofilms[END_REF].

Following attraction toward their host or particle, cells scan the surface in an orbiting or roaming trajectory. Orbiting enables V. cholerae to loiter over the surface and to interact more strongly with it thanks to its MSHA pili, whereas roaming produces a weaker interaction [START_REF] Utada | Vibrio cholerae use pili and flagella synergistically to effect motility switching and conditional surface attachment[END_REF]. Both of these trajectories require the mannose-sensitive haemagglutinin (MSHA)

type IV pili and the polar flagella [START_REF] Utada | Vibrio cholerae use pili and flagella synergistically to effect motility switching and conditional surface attachment[END_REF]. Initial attachment derives from a mechano-chemical interaction between the type IV pili and the surface. Two other pili; the toxin co-regulated pili (TCP) and the chitin-regulated pili (ChiRP) also contribute to biofilm formation. TCP is involved in microcolony formation and ChiRP in competitive attachment to chitin surface [START_REF] Yildiz | Vibrio biofilms: so much the same yet so different[END_REF]. The flagellar motor may act as a mechanosensor enabling vibrios to recognize when it encounters a surface [START_REF] Lauriano | The sodium-driven flagellar motor controls exopolysaccharide expression in Vibrio cholerae[END_REF][START_REF] Watnick | The absence of a flagellum leads to altered colony morphology, biofilm development and virulence in Vibrio cholerae O139[END_REF] and hence stops the scanning motion. Initial attachment is followed by polysaccharide (Vibrio polysaccharide VPS) excretion, that will last throughout the whole biofilm formation process to form a mature three-dimentional matrix. Then, the biofilm matrix protein RbmA accumulates on the cell surface and is involved in cell-cell and cell-surface adhesion [START_REF] Fong | The rbmBCDEF gene cluster modulates development of rugose colony morphology and biofilm formation in Vibrio cholerae[END_REF]. Two other biofilm matrix proteins, Bap1 and RbmC are further excreted [START_REF] Berk | Molecular architecture and assembly principles of Vibrio cholerae biofilms[END_REF]. VPS, RmbA, Bap1and RbmC form a flexible envelope allowing cell division and mature biofilm formation. Outer membrane vesicles, extracellular DNA and other matrix components are also found in mature biofilms. Biofilm formation is a costly process and results in major biological consequences; it allows a better fitness in some conditions but might also be deleterious in others, notably when nutrient sources are being over-exploited. Biofilm

In this section, we showed that Vibrio are highly motile bacteria, they can move among or attach to nutrient sources and they can sense and interact with their environment, resulting in a high colonization potential. They can adapt to various environmental conditions, exploit many alternative niches and use a variety of substrates as energy and carbon sources, which indicates a high metabolic diversity [START_REF] Polz | Patterns and mechanisms of genetic and phenotypic differentiation in marine microbes[END_REF]. Due to these abilities, vibrios have been classified as "opportunitrophs" [START_REF] Singer | Genomic Potential of Marinobacter aquaeolei, a Biogeochemical "Opportunitroph[END_REF].

III Population structure of Vibrio

III.A Vibrios are organized into ecological populations

Vibrios are ubiquitous marine bacteria that are ecologically and metabolically diverse members of planktonic-and animal-associated microbial communities [START_REF] Polz | Patterns and mechanisms of genetic and phenotypic differentiation in marine microbes[END_REF] particles/zoo-phytoplankton or free-living) that represent their "habitat". This study demonstrated that phylogenetic clusters were coherent with habitat (Hunt et al., 2008, figure 7) and led to the definition that population structure of vibrios is organized into "ecological populations" defined as groups of phylogenetically closely related strains that form an ecological unit (Preheim et al., 2011a;Shapiro and Polz, 2014). III.C Most of the ecological populations are generalist Delineation in ecological populations was used to investigate host specificity across several marine invertebrates among the vibrios (Preheim et al., 2011a). Surprisingly, most of the populations were generalists and showed no specific association with their host. However, zooplankton-associated populations showed a higher degree of specificity than populations isolated from larger animals (crabs, mussels, oysters) (Preheim et al., 2011a;Wendling et al., 2014), revealing that most of the Vibrio adopt a dispersal-colonization strategy to feed and confirms that specific associations with larger organisms are rare.

III.D Ecological populations represent gene flow units

Ecological differentiation is a dynamic process that can lead to phylogenetic differentiation. As the population structure of vibrios highlighted some extremely closelyrelated clusters that have different ecology; it offers an opportunity to study evolutionary mechanisms behind this differentiation. A recent differentiation event has been highlighted in two closely related populations from V. cyclitrophicus (Shapiro et al., 2012). These populations are respectively associated with two different size fractions: the large (L) and the small (S) of seawater. Although those size fractions only represent proxies for habitat, comparative genomics revealed that few loci, called habitat-specific loci (HSL), were congruent with L or S ecology (figure 9). This result validates that fractionation is biologically meaningful as being associated with one habitat indeed requires specific function.

Figure 9 | Phylogeny follows ecology at just a few habitat-specific loci. A Core genome phylogeny is congruent with ecology: strains isolated from L (red dots) or S (green dots) seawater fractions are clustered in distinctive groups. B Representation and schematic tree topology of habitat-specific loci and other genomic regions of chromosome I and II of V. cyclitrophicus. Phylogeny of HSLs is congruent with ecological differentiation between L and S strains while phylogeny of the other regions is not always coherent with ecology. HSL3 shows allelic differentiation in the syp cluster, involved in polysaccharide synthesis that is essential in biofilm formation. Other HSL functions seem less related to S or L ecology. Adapted from Shapiro et al., 2012. Further analyses showed that genetic diversity within 3/4 habitat-specific loci was reduced compared to the one observed in the rest of the genome. This suggests that these loci were recently acquired by homologous recombination and then fixed within S or L populations, respectively. Barriers to gene flow then arise between ecological populations, isolating them from the others in a process leading to ecological differentiation (figure 10). framework of 185 strains. The network of antagonistic interactions (schematic representation in figure 12) revealed that the potential for interference competition was much lower within than between populations. Within a chosen population, they showed that the antagonistic activity was only mediated by a single specific antibiotic biosynthesis mediated by an antimicrobial peptide and that few genotypes produced antibiotics to which strains from their own population was resistant. This study suggests that antibiotics can be considered as public goods within populations, benefiting nonproducing but resistant conspecifics. Some genotypes might favor their conspecifics and cooperation may occur within populations while competition is observed between populations (Cordero et al., 2012a). Competition by interference was assessed by growth inhibition assay in an allversus-all framework. Inter-population antagonism (black arrows) is more frequent than intrapopulation antagonism (pink arrow). Some strains can kill several strains or can be killed by several ones. Some strains are classified as super-killers if they can kill numerous other strains. This scheme only represents antagonism mediated by one population, but it can be generalized to the others. Adapted from Cordero et al., 2012a.

POPULATION STRUCTURE

Inter-population antagonism Intra-population antagonism Super-killer Among bacteria, siderophore production represents the paradigm of public goods.

Siderophores are organic compounds that bind and chelate iron, making it available for microorganisms living in iron-limited environments (Ahmed and Holmström, 2014). These siderophores are released into the environment and can be exploited by cheaters e.g benefit recipients that are non-producers. Cordero et al. wanted to determine whether public good games could support the existence of stable social structure in bacteria and thus explore the evolutionary and ecological dynamics of siderophore production and cheating in natural ecological populations of vibrios. They found that within ecological populations, siderophores are secreted only by a subset of the population members, the producers, while the whole population still harbor the specific transporters necessary to internalize chelated iron. Nonproducers have lost the siderophore biosynthesis genes and therefore act as cheaters by using the ones secreted by the producers of their own population. As non-producers cannot survive in iron-limited environments without producers, a stable cheater/producer equilibrium is maintained according to the environment. It has been shown that cheaters are relatively more frequent on large particles than on smaller ones (figure 13). Larger particles constitute the micro-environment harboring more stable and high-density communities. As the presence of producers is more likely to be assured on larger particles, in those conditions, evolving as a cheater constitutes a fitness advantage. Altogether, this study suggests that there are differences in the structure of social interactions between particle-attached vs. free-living populations with cooperation being more likely to occur in particle-attached populations than in the free-living ones [START_REF] Cordero | Public good dynamics drive evolution of iron acquisition strategies in natural bacterioplankton populations[END_REF].

Figure 13 | Cheaters within the V. splendidus-like clade are more successful in larger particles than in smaller ones. (A) Association with large particle sizes (>64 µm) in the ocean is negatively correlated with siderophore production, whereas the free-living stage (<1 µm) is positively correlated with siderophore production. (B) Cartoon representation of the impact of particle size on frequency of siderophore producers. These results suggest that social interactions are more relevant in large particles, possibly owing to the higher cell densities and long periods of attachment facilitating the accumulation and exploitation of public goods. From [START_REF] Cordero | Public good dynamics drive evolution of iron acquisition strategies in natural bacterioplankton populations[END_REF] Finally, a study focused on behavioral unit by studying ecophysiological strategies and the ability of vibrio populations to degrade diverse algal glycans (Hehemann et al., 2016).

Genomic analyses between several populations of vibrios showed that the alginate degradation pathway has assembled primarily by horizontal gene transfer and further undergone extensive evolutionary changes across the majority of populations. Its architecture differentiates within closely related populations; resulting in populations adapted to degrade different forms of alginate according to their alginate lyase contents. The alginate degradation pathways are constituted by one to four polysaccharide lyase families with different molecular functions.

Ability to degrade more or less complex sugars allows the discrimination of different feeding behavior. Pioneers colonize and degrade intact polymers into more soluble forms of polymers or oligomers that can then be consumed by scavengers. Scavengers can only degrade oligomers and thus need the prior action of pioneers in order to feed on partially degraded sugars.

Harvesters represent an intermediate between the two other categories. They can degrade polymers but also take advantage of oligomers produced by the pioneers (figure 14). Different degradation pathway composition is assumed to mitigate competitive exclusion and to reinforce interdependency/cooperation between populations. Overall, ecological populations are defined as genetic units representing cohesive ecology, gene flow and social attributes. As such, these populations fit species concepts that are typically used for plants and animals. However, we note that they are at a finer evolutionary divergence than traditionally used to separate species in bacterial taxonomy. Furthermore, the ecological population paradigm allows us to go beyond the classical methods to study microbial evolution and ecology i.e. based on the snapshot of the species at a specific location.

IV Genome plasticity as a major driver of Vibrio evolution

As described above, vibrios are ecologically very diverse whether it concerns abiotic factor tolerance, feeding strategies, niche colonization or interactions with their hosts. This phenotypic diversity results from a high adaptive potential that derives from a high genetic diversity in part due to horizontal gene transfer (HGT).

IV.A Mechanisms of HGT

HGT is a major driver in genome evolution of vibrios [START_REF] Hazen | The contribution of mobile genetic elements to the evolution and ecology of Vibrios[END_REF]. It is a process by which foreign genetic material is acquired in the genome of a strain. It is opposed to the vertical transmission where genetic information is transferred from the parent to the offspring.

HGT contribute to important variation in gene content and genome size [START_REF] Thompson | Phylogeny and Molecular Identification of Vibrios on the Basis of Multilocus Sequence Analysis[END_REF]. Within the vibrios, genome size ranges from 3.9Mb (V. ordalii) to 6.4 Mb (V.nigripulchritudo) [START_REF] Okada | Vibrios Commonly Possess Two Chromosomes[END_REF], and genome size had been positively correlated with functional and ecological complexity [START_REF] Konstantinidis | Trends between gene content and genome size in prokaryotic species with larger genomes[END_REF][START_REF] Cordero | The impact of long-distance horizontal gene transfer on prokaryotic genome size[END_REF].

HGT outcome can be positive for the recipient cell by conferring a selective advantage, allowing fast adaptation to new environments or to stressful conditions [START_REF] Groisman | Pathogenicity islands: bacterial evolution in quantum leaps[END_REF]. For example, HGTs are major drivers of antibiotic resistance spreading (Barlow, 2009) and there are numerous studies of HGT involved in virulence [START_REF] Hazen | The contribution of mobile genetic elements to the evolution and ecology of Vibrios[END_REF] and adaptation to a new niche [START_REF] Wiedenbeck | Origins of bacterial diversity through horizontal genetic transfer and adaptation to new ecological niches[END_REF]. There are three well described mechanisms of HGT and that occur in vibrios (figure 15). Transduction is the mechanism by which exogenous DNA is introduced into a recipient cell by a bacteriophage and further integrated to bacterial genome. Finally, natural competence for transformation is the ability of a recipient cell to uptake free DNA from its environment followed by incorportation into the recipient cell genome. The competent state is transient and Meibom et al. showed in 2005 that V. cholerae competence is induced by chitin [START_REF] Meibom | Chitin induces natural competence in Vibrio cholerae[END_REF]. After binding to chitinous surface, V. cholerae produces the transformation regulator TfoX, whose mechanism still remains unknown. TfoX is assumed to regulate genes involved in biosynthesis and structural components of the DNA-uptake machinery [START_REF] Metzger | Regulation of competence-mediated horizontal gene transfer in the natural habitat of Vibrio cholerae[END_REF]. This DNA-uptake machinery is composed of a type IV pilus structure [START_REF] Seitz | DNA-uptake machinery of naturally competent Vibrio cholerae[END_REF]Borgeaud et al., 2015) (figure 16). Another protein apparatus, a type VI secretion system (T6SS), favors DNA release and confers an opportunity to acquire foreign Phage-mediated DNA transfer occurs after a lysogenic infection. DNA brought by the phage will be injected in the bacterial cytoplasm, it can remain in an episomic form or be incorporated by recombination in specific regions called attachment sites (attP) in the recipient cell chromosome. Moreover, if bacterial DNA is transferred by the phage, integration by homologous recombination can occur. When integrated, phage DNA is replicated together with the host chromosome. Occasionally, often induced by stressful conditions, the prophage excise from the host chromosome, eventually bringing bacterial genes, and enter the lytic cycle (and further infect new hosts). Phage DNA and protein synthesis are assembled in the host before its lysis, releasing phages in the environment. The best described phage-mediated DNA among the vibrios is the CTX phage in V. cholerae. The CTX phage encodes the cholera toxin, one of the main virulence factors of the etiological agent of the cholera [START_REF] K-Kim | CTX prophages in Vibrio cholerae O1 strains[END_REF]. The CTX phage requires the toxin co-regulated pilus, itself encoded by a MGE, for attachment to V. cholerae.

It further exploits host tyrosine recombinases XerC and XerD to integrate its single-stranded DNA at the specific site dif1/dif2 into its host chromosome [START_REF] Waldor | Lysogenic conversion by a filamentous phage encoding cholera toxin[END_REF][START_REF] Das | Mechanistic insights into filamentous phage integration in Vibrio cholerae[END_REF].

Transposon or transposable element is a DNA sequence (400bp to 40kb) that can jump from one position to another one in the genome of a strain by a "cut and paste" or a "copy and paste" mechanism. It is composed of an inverted repeat sequence at each end, a transposase that catalyses the transposon excision and cuts the target insertion site and eventually other genes [START_REF] Hochhut | Molecular Analysis of Antibiotic Resistance Gene Clusters in Vibrio cholerae O139 and O1 SXT Constins[END_REF]. Transposable element can also jump on plasmids and then be transferred, with potential neighboring genes, by HGT. It can also be transferred via transformation.

Integrative and conjugative elements (ICEs) were previously called conjugative transposons.

As for transposons, ICEs are integrated in the host chromosome and are passively propagated during cell division in "normal" environmental condition and contain genes needed for their integration and excision. Contrary to transposons, ICEs encode a type IV secretion system that mediates their own transfer to the recipient cells [START_REF] Burrus | Conjugative transposons: the tip of the iceberg[END_REF]. When facing a stressful situation, genes involved in excision and conjugation are expressed, the ICE excises from the host chromosome and is transferred via conjugation to the recipient cell. Their size ranges from 20 to 500kb (Johnson and Grossman, 2015). The STX ET element from V. cholerae, previously named "constin" for its properties of conjugation, self-transmission and integration is an ICE that encodes resistance genes to the following antibiotics: sulfamethoxazole, trimethoprim, chloramphenicol and streptomycin. [START_REF] Hochhut | Molecular Analysis of Antibiotic Resistance Gene Clusters in Vibrio cholerae O139 and O1 SXT Constins[END_REF]. Due to their self-transmissibility and self-excision from host chromosome, ICE are major drivers of generalized antibiotic resistance in bacteria [START_REF] Burrus | The current ICE age: biology and evolution of SXTrelated integrating conjugative elements[END_REF].

Plasmids are extrachromosomal genetic elements that replicate autonomously from the host chromosome as they harbor their own origin of replication. They are classified as conjugative plasmid if they harbor their own functional conjugation machinery (T4SS).

Plasmids that do not carry a T4SS exploit the ones from other conjugative elements and are named mobilizable plasmids but they still possess their own relaxases and T4CP. Plasmids that are neither conjugative, nor mobilizable (~ half of the plasmids) are thought to be transferred by transduction or natural transformation [START_REF] Smillie | Mobility of plasmids[END_REF]. Plasmid conjugation requires a relaxase, a key protein encoded by both conjugative and mobilizable plasmids. The relaxase binds the origin of transfer of the plasmid and catalyzes the initial cleavage of the doublestranded structure to produce the DNA strand that will be transferred to the recipient cell. T4CP connects the relaxosome (DNA bound to the relaxase) to the transport channel formed by the T4SS [START_REF] Llosa | Conjugative coupling proteins interact with cognate and heterologous VirB10-like proteins while exhibiting specificity for cognate relaxosomes[END_REF]. The relaxosome is transferred through the recipient cell and the relaxase is involved in ligation of the single strand in the recipient cell at the termination of conjugation (de la Cruz et al., 2010) (figure X). Double-stranded structure is restored thanks to a rolling-circle replication in both recipient and donor cells [START_REF] Ruiz-Masó | Plasmid Rolling-Circle Replication[END_REF]. Plasmid size ranges from 2kb to 1Mb, but the biggest plasmid described to date within the Vibrionaceae has been identified in the strain FORC_036 from Vibrio vulnificus with a size of 925kb (NCBI database).

IV.C Vibrios possess a multipartite genome shaped by HGT

The Vibrio genome is divided in two chromosomes [START_REF] Dicenzo | The Divided Bacterial Genome: Structure, Function, and Evolution[END_REF]. The bigger chromosome (ChrI) has a size ranging from 2.8 to 4.1 Mb (NCBI database) and contains most of the essential genes [START_REF] Reen | The genomic code: inferring Vibrionaceae niche specialization[END_REF]Le Roux et al., 2009). The secondary chromosome (ChrII), the smaller one, is assumed to derive from domestication of a large plasmid [START_REF] Heidelberg | DNA sequence of both chromosomes of the cholera pathogen Vibrio cholerae[END_REF] and its size ranges from 0.9 to 2.4 Mb (NCBI database). It seems that there is a correlation between ChrI and ChrII sizes: strains having a relatively big ChrI tend to have a bigger ChrII as well [START_REF] Okada | Vibrios Commonly Possess Two Chromosomes[END_REF]. ChrII contains some housekeeping genes that assure its maintenance but mainly contains genes related to adaptation to specific niches or stressful conditions [START_REF] Cooper | Why Genes Evolve Faster on Secondary Chromosomes in Bacteria[END_REF]. Replication termination of the two chromosomes is synchronous and constitutes a strong constraint at the molecular level [START_REF] Val | A checkpoint control orchestrates the replication of the two chromosomes of Vibrio cholerae[END_REF]. It has been shown that genes evolve faster on the smaller chromosome [START_REF] Cooper | Why Genes Evolve Faster on Secondary Chromosomes in Bacteria[END_REF], However, it implies a trade-off between adaptation/gain of new functions by HGT and survival enhanced by a short generation-time.

Several transcriptomic analyses revealed that ChrII genes are relatively more expressed in stressful/hostile growth conditions compared to in vitro/optimal growth conditions [START_REF] X-Xu | Determination of the transcriptome of Vibrio cholerae during intraintestinal growth and midexponential phase in vitro[END_REF][START_REF] Toffano-Nioche | Transcriptomic profiling of the oyster pathogen Vibrio splendidus opens a window on the evolutionary dynamics of the small RNA repertoire in the Vibrio genus[END_REF][START_REF] Vanhove | Copper homeostasis at the host vibrio interface: lessons from intracellular vibrio transcriptomics[END_REF] For example, in V. cholerae, the comparison of gene expression in in vitro and in vivo (rabbit intestine) growth showed that many more genes from the ChrII were expressed in in vivo conditions. Indeed, intestine constitute a harsh environment to grow in, it is stressful for the cell that need to express genes to adapt and to survive in this hostile environment. Those "adaptation" genes are encoded by the secondary chromosome [START_REF] X-Xu | Determination of the transcriptome of Vibrio cholerae during intraintestinal growth and midexponential phase in vitro[END_REF]. Vibrio tasmaniensis is an oyster pathogen that is able to survive into hemocytes (Duperthuy et al., 2011). This particular lifestyle involves the ability to resist to the hostile environment that constitutes the hemocyte. Notably, copper efflux is a function highly induced intracellularly and is a major vibrio adaptive trait for oyster tissue colonization and virulence. Most of the genes involved in copper efflux and that are highly overexpressed in hemocytes are encoded in ChrII of V. tasmaniensis [START_REF] Vanhove | Copper homeostasis at the host vibrio interface: lessons from intracellular vibrio transcriptomics[END_REF].

IV.D The superintegron plays a major role in evolution of the Vibrio.

Chromosomal superintegrons (SI) play an important role in bacterial evolution. They are massive gene-capturing platforms that incorporate exogenous genetic material by sitespecific recombination and ensures exogenous DNA correct expression. SI possess a gene encoding an integrase, a primary recombination site and a promoter that directs transcription of the captured genes [START_REF] Mazel | Integrons: agents of bacterial evolution[END_REF]. SI are at the margins of MGE as they do not encode proteins involved in their own excision and cannot be transferred from one site to another one in the chromosome neither they can move from one cell to another one. Genes integrated into SI are acquired thanks to transposable elements and conjugative plasmids present in the host cell.

Within the Vibrionaceae, SI contain a large number of gene cassettes, from 72 in V.

parahaemolyticus to more than 200 in V. vulnificus. V. cholerae SI represent ~3% of its genome size [START_REF] Rowe-Magnus | Comparative analysis of superintegrons: engineering extensive genetic diversity in the Vibrionaceae[END_REF] and 10% of its ChrII. SI are powerful agents of evolution as they possess genes coding a vast variety of functions. They confer a rapid adaptation potential in changing environments [START_REF] Escudero | The Integron: Adaptation On Demand[END_REF] and notably encode virulence factors within V. cholerae and V. vulnificus.

V Emergence of pathogens from environmental vibrios

Numerous bacterial pathogens have emerged from environmental populations following acquisition of genes through horizontal transfer that are involved in host colonization, intrahost survival or host-tissue damaging, all of these factors being critical for a successful infection [START_REF] Bvan Baarlen | Molecular mechanisms of pathogenicity: how do pathogenic microorganisms develop cross-kingdom host jumps?[END_REF]. Some vibrios are pathogenic and infect human and a multitude of marine wild and farmed animals. The following section details the evolutionary history leading to pathogen emergence in some Vibrio species.

V.A Vibrio cholerae

One of the best described examples of pathogen emergence from environmental strains is Vibrio cholerae, the etiological agent of the cholera. In the environment, V. cholerae is a diverse species, containing numerous genotypes inhabiting aquatic environment. Among them, only a subset is able to cause the severe diarrheal disease cholera and constitutes a clonal group named "pandemic generating" (PG) genotypes. Those PG genotypes evolved from environmental genotypes to become highly pathogenic [START_REF] Islam | Emergence, ecology and dispersal of the pandemic generating Vibrio cholerae lineage[END_REF].

All V. cholerae genotypes are predisposed to survive in the human body as they can live in low-salinity environment, grow well at 37°C and have the abilities to form biofilm and resist acidic passage in the stomach [START_REF] Islam | Emergence, ecology and dispersal of the pandemic generating Vibrio cholerae lineage[END_REF]. Then, a study exploring the evolutionary origins of the PG group showed that these PG genotypes possess a particular genomic background containing alleles, called virulence adaptive polymorphisms (VAPs) that serve as "preadaptations" to give rise to pandemic disease. However, some environmental strains also possess some PG-like alleles, but only strains possessing an optimal combination of alleles can take advantage of the major virulence factors further acquired by HGT and emerge as PG genotypes (Shapiro et al., 2016).

Environmental strains possessing the "preadaptation" alleles successively acquired three genomic islands, leading to clonal expansion of the pandemic lineage (figure 17). First, the Vibrio Pathogenicity Island 1 (VPI1) encodes a toxin-coregulated pilus (TCP) and constitutes an essential colonization factor. In a second step, the CTXΦ phage had been acquired [START_REF] Islam | Emergence, ecology and dispersal of the pandemic generating Vibrio cholerae lineage[END_REF] and carries the second major virulence factor, the cholera toxin (CT). The TCP is the receptor for the CTXΦ phage (figure 17). Finally, the Vibrio Pathogenicity Island 2 (VPI2) encodes several genes, including genes involved in transport and catabolism of sialic acid. The ability to utilize sialic acid confers a competitive advantage of PG lineage against other bacteria in the mouse gut (Almagro-Moreno and[START_REF] Almagro-Moreno | Cholera: Environmental Reservoirs and Impact on Disease Transmission[END_REF][START_REF] Almagro-Moreno | Insights into the evolution of sialic acid catabolism among bacteria[END_REF]. PG genotypes associated with the current 7 th pandemic further acquired by HGT two Vibrio Seventh Pandemic Islands, VSP1 and VSP2. VSP1 plays a role in intestine colonization while VSP2 is still poorly described [START_REF] Dziejman | Comparative genomic analysis of Vibrio cholerae: Genes that correlate with cholera endemic and pandemic disease[END_REF]. 

V.B Vibrio parahaemolyticus

Vibrio parahaemolyticus is responsible for a foodborne gastroenteritis in human following raw or undercooked contaminated fish or seafood consumption. As for V. cholerae, V. parahaemolyticus is genetically and serotypically diverse and only a few genotypes can cause severe diarrhea in human. In the past, outbreaks were geographically isolated and associated with diverse serotypes (Chowdhurry et al., 2004). However, over the last 2 decades, epidemiological changes induced transition from locally restricted strain dominance to emergence and transcontinental expansion of two strains that are genetically and biochemically distinct. The first V. parahaemolyticus-associated pandemic occurred in India and was attributed to the clonal group C3 that further spread worldwide (Nair et al., 2007;[START_REF] Okuda | Emergence of a unique O3:K6 clone of Vibrio parahaemolyticus in Calcutta, India, and isolation of strains from the same clonal group from Southeast Asian travelers arriving in Japan[END_REF][START_REF] D-Daniels | Emergence of a new Vibrio parahaemolyticus serotype in raw oysters: A prevention quandary[END_REF][START_REF] González-Escalona | Vibrio parahaemolyticus diarrhea, Chile, 1998 and 2004[END_REF][START_REF] Martinez-Urtaza | Pandemic Vibrio parahaemolyticus O3:K6, Europe[END_REF].

The second expansion was first restricted to the Pacific Northwest (PNW) area and attributed to the sequence type 36 (ST36) [START_REF] Turner | Population structure of clinical and environmental Vibrio parahaemolyticus from the Pacific Northwest coast of the United States[END_REF]. In 2012, this group was associated with Comparative genomics of pre-pandemic and pandemic isolates showed that C3 derived from a non-pathogenic-clone-founder of serotype O3:K6. This founder strain acquired a T6SS and at least seven genomic islands on its secondary chromosome (VPaI-1 to 7) by horizontal transfer [START_REF] Espejo | Insight Into the Origin and Evolution of the Vibrio parahaemolyticus Pandemic Strain[END_REF][START_REF] Makino | Genome sequence of Vibrio parahaemolyticus: a pathogenic mechanism distinct from that of V cholerae[END_REF]. One of the two sets of type III secretion system gene clusters presents in V. parahaemolyticus was encoded by VPaI-7 (T3SS2) and was demonstrated to play a role in virulence [START_REF] Piñeyro | Development of Two Animal Models To Study the Function of Vibrio parahaemolyticus Type III Secretion Systems[END_REF][START_REF] Zhou | A Vibrio parahaemolyticus T3SS effector mediates pathogenesis by independently enabling intestinal colonization and inhibiting TAK1 activation[END_REF]. VPaI-7 also possesses two copies of the tdh gene, that is specific to pathogenic strains, and encodes a thermostable direct hemolysin that plays a role in invasiveness of the bacterium in humans [START_REF] Letchumanan | Vibrio parahaemolyticus: a review on the pathogenesis, prevalence, and advance molecular identification techniques[END_REF]. C3 strains evolve rapidly and the clonal pandemic group contains to date 27 pandemic serovariants.

The PNW complex derives from an ancestral strain of serotype O4:K12. Clinical isolates belonging to the PNW complex possess the tdh gene and, in addition, a gene encoding the TDH-related hemolysin (trh), that is not detected in the C3 pandemic clone. Strains from the PNW complex also possess 2 T3SSs [START_REF] Paranjpye | Genetic Diversity of Clinical and Environmental Vibrio parahaemolyticus Strains from the Pacific Northwest[END_REF].

To sum up, V. parahaemolyticus outbreaks are caused by worldwide clonal expansion of strains that acquired specific sets of genes (figure 18). These genes give them a pathogenic potential and differentiate them from environmental strains. 

V.C Vibrio vulnificus

V. vulnificus causes invasive septicemia, skin necrosis or gastroenteritis in human. It is the most virulent foodborne opportunistic pathogen in human (Oliver, 2005, Baker-Austin and[START_REF] Baker-Austin | Vibrio vulnificus: new insights into a deadly opportunistic pathogen[END_REF] and it also infects fish. V. vulnificus is commonly found in temperate to warm estuarine and coastal environments. Contrary to the pathogens V.cholerae and V.

parahaemolyticus, pathogenic strains from V.vulnificus show high phenotypic and genotypic heterogeneity. Many attempts in identifying virulence markers to distinguish pathogenic from non-pathogenic V. vulnificus strains had been made, but candidate genes for virulence were not specific to virulent genotypes [START_REF] Phillips | Vibrio vulnificus: From Oyster Colonist to Human Pathogen[END_REF].

V. vulnificus has thus been classified based on biotypes of the strains and it has been divided into three groups: biotype 1 contains diverse genotypes and is involved in human infection worldwide, biotype 2 contains diverse genotypes as well but it mostly infects teleost fish (e.g eels). Biotype 3 is the only clonal biotype and it is responsible for wound infection in human associated with tilapia aquaculture, and has only been reported in Israel (Koton et al., Non-pathogenic clone founder O3:K6 O4:K12 ST36
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VpaI-1 to VpaI-7 acquisition 2015[START_REF] Oliver | The Biology of Vibrio vulnificus[END_REF]. Genotypic classification divided V. vulnificus biotype 1 into two clusters, one dominated by environmental strains constituting the E genotypes, and the second one dominated by human clinical isolates regrouping the C genotypes. Genetic dimorphisms between E and C genotypes occur in genes coding ecological preferences (Gonzalez-Escalona et al., 2007;[START_REF] Rosche | A rapid and simple PCR analysis indicates there are two subgroups of Vibrio vulnificus which correlate with clinical or environmental isolation[END_REF][START_REF] Morrison | Pyrosequencing-based comparative genome analysis of Vibrio vulnificus environmental isolates[END_REF]. However, further analyses revealed that the genotypic profiles were not sufficient predictors of virulence [START_REF] Kim | Genotypic Diversity and Population Structure of Vibrio vulnificus Strains Isolated in Taiwan and Korea as Determined by Multilocus Sequence Typing[END_REF]. To better understand the evolution of this pathogen, genome-wide SNP genotyping on 254 isolates was performed. V. vulnificus was divided into three phylogenetic lineages (LI to LIII). Biotype I strains were split into LI and LIII, biotype 2 was present in LI and biotype 3 strains form a separate, clonal cluster (LII) (Raz et al., 2014, figure 19). Biotype 1 is the most ancient and diverse biogroup. Biotype 3 recently emerged from two distinct biotype 1 populations. It acquired several genes by HGT in its specific environment that induced a biotype change (Raz et al., 2014). Altogether, the difficulty to highlight genomic features to distinguish pathogenic strains is suggested to be due to high rate HGT of chromosomal segments between V. vulnificus strains that lead to continuous evolution of this pathogen (Raz et al., 2014).

an iron-repressed outer membrane protein Vep20 involved in iron acquisition via eel transferrin binding [START_REF] P-Pajuelo | Novel host-specific iron acquisition system in the zoonotic pathogen Vibrio vulnificus[END_REF] that allows pathogen survival in fish blood and tissue. Biotype 2 is mostly pathogenic for eel due to the specificity of Vep20 that binds more efficiently eel transferrin than other fish transferrin.

V.D Plasmid acquisition can lead to pathogen emergence As for V. vulnificus biotype 2, several pathogens emerged following plasmid acquisition. This is notably the case of the fish pathogen, Photobacterium damselae subsp. damselae (Vibrionaceae), whose virulence relies on the plasmid pPHDD1. It encodes two hemolysins named damselysin Dly and phobalysin P PhlyP. In addition, all hemolytic strains possess a copy of the gene encoding a phobalysin C PhlyC on their chromosome. Phylogenetic analyses revealed that PhlyC and PhlyP originated from gene duplication of Phly that was acquired by HGT. All three hemolysins are secreted by a type II secretion system and constitute the major virulence factors of P. damselae subsp. damselae. There is an additive effect between PhlyC and PhlyP in virulence and a synergistic effect between Dly and either PhlyP or PhlyC.

Those hemolysins induce severe hemorrhages to fish but the synergy between Dly and PhlyP or C is important for full virulence. Remarkably, whether they are carried by MGE or on the chromosome, those hemolysins are regulated by a unique regulator RstB encoded on the secondary chromosome of the bacterium [START_REF] Rivas | The Photobacterium damselae subsp. damselae hemolysins damselysin and HlyA are encoded within a new virulence plasmid[END_REF]2013;2014;2015;[START_REF] Terceti | rstB Regulates Expression of the Photobacterium damselae subsp. damselae Major Virulence Factors Damselysin, Phobalysin P and Phobalysin C[END_REF].

V. nigripulchritudo is a shrimp pathogen that has been associated with various diseases.

In New Caledonia, it has been isolated from shrimp suffering a winter disease, named "Syndrome 93" (S93) in "cold" tropical water (<25°C) and was also isolated from moribund shrimp suffering a "Summer Syndrome" (SS). Mortalities induced by V. nigripulchritudo were also reported in Japan and Madagascar (Sakai et al., 2007 and E.Chung pers. com). Strains isolated from SS and S93 grouped into two distinct clusters, clade A and B respectively and a third lineage comprises strains isolated from moribund shrimp in Madagascar (clade M). Those three clades show very low intra-clade diversity and contain diverse pathotypes: highly pathogenic strains (HP), moderately virulent (MP) and non-virulent (NP) (figure 20). A plasmid (pA) (~250kb) was detected in virulent and non-virulent strains from all clades suggesting it is extensively circulating among V. nigripulchritudo and confers a selective advantage to its host. pA shows a modular structure, and one module, specific to HP strains [START_REF] Goudenège | Comparative genomics of pathogenic lineages of Vibrio nigripulchritudo identifies virulence-associated traits[END_REF], encodes a new toxin, named nigritoxin, that is able to target Pancrustacea-specific pathways [START_REF] Labreuche | Nigritoxin is a bacterial toxin for crustaceans and insects[END_REF]. Another plasmid, pB (11.2kb), was found to be specific to HP strains from clade A and both pA and pB were necessary for full virulence [START_REF] Reynaud | Correlation between detection of a plasmid and high-level virulence of Vibrio nigripulchritudo, a pathogen of the shrimp Litopenaeus stylirostris[END_REF]Le Roux et al., 2011). nigripulchritudo. pA possesses pathotype-specific genes and geographic-specific genes. pB is only found in HP strains from clade A. Adapted from [START_REF] Goudenège | Comparative genomics of pathogenic lineages of Vibrio nigripulchritudo identifies virulence-associated traits[END_REF] V.E A consortium of vibrios can contribute to pathogenesis While septicemia in shrimp are associated with a clonal expansion of the pathogen V. nigripulchritudo, in other marine animals, diseased animals are associated with a diversity of strains or species, which could indicate that a consortium of vibrios is necessary to induce some diseases. This hypothesis has been proposed for some coral vibrioses. In another way than coral bleaching that is caused by the disruption of the symbiosis between the cnidarian host and their photosynthetic microalgal endosymbionts and has been correlated with increasing sea temperature [START_REF] Brown | Coral bleaching: causes and consequences[END_REF][START_REF] Hoegh-Guldberg | Climate change, coral bleaching and the future of the world's coral reefs[END_REF] first study suggested that a consortium of 4 Vibrio species is responsible for the Yellow Band Disease in the Indo-Pacific and Caribbean reefs. Vibrio rotiferianus, Vibrio harveyi, Vibrio alginolyticus and Vibrio proteolyticus induce symbiotic algae dysfunction that lead to coral death [START_REF] Cervino | The Vibrio core group induces yellow band disease in Caribbean and Indo-Pacific reef-building corals[END_REF]. Another study showed that V. coralliilyticus and V. mediterranei were associated with diseased corals Oculina patagonica sampled in the Mediterranean Sea.

Inoculation of these pathogens were able to induce tissue damage in experimental conditions from 24°C. Surprisingly, coral disease signs were observed at 20°C following the coinoculation of the two pathogens, a temperature at which necrosis is not normally observed [START_REF] Rubio-Portillo | New insights into Oculina patagonica coral diseases and their associated Vibrio spp. communities[END_REF] and suggests a synergistic effect of these infectious agents in coral disease.

Several lines of evidence also suggest that juvenile oyster disease is enhanced by a consortium of bacteria. First, diseased oysters are systematically colonized by several ecological populations of Vibrio (Petton et al., 2015;Wendling et al., 2014;Gay et al., 2004a;Lemire et al., 2015). Experimental infections have demonstrated that some moderately virulent strains have a heightened virulence when co-injected with other strains (Gay et al., 2004b). In addition, reduction of the injected dose of a virulent strain by dilution in the culture media significantly reduced oyster mortality. In contrast, when the same virulent strain was injected at low dose but diluted in a non-virulent strain culture, mortality rates were markedly increased (Lemire et al., 2015). Thus, the presence of non-virulent bacteria may significantly increase the virulence of virulent genotypes at the onset of infection, suggesting an effect of bacterial density upon virulence. Hence, although non-virulent strains are not sufficient for pathogenesis, they may contribute to virulence by generating sufficiently high bacterial loads to either overcome host defenses or to induce expression of virulence factors via quorum sensing (Le Roux et al., 2016).

Overall, HGT largely shaped emergence of human and marine organism pathogens.

Diseases caused by vibrios can either derive from infection by a single clone, by diverse genotypes from the same species or even by a consortium of vibrios, in which the different populations play a different/additive role in infection, that ultimately lead to host damage/death.

V.E Vibrioses and global warming

Change in environment such as global warming and anthropogenic activities have caused a worldwide increase in Vibrio-associated infectious diseases [START_REF] H-Harvell | Climate warming and disease risks for terrestrial and marine biota[END_REF].

Environmental changes have been shown to affect marine organism physiological functioning, behavior and demographic traits [START_REF] Doney | Climate change impacts on marine ecosystems[END_REF]. Those disruptions can be worsening according to the reproductive state and abiotic factors tolerance limits of organisms that subsequently lead to an increased sensitivity to opportunistic pathogens. In parallel of weakened host, vibrio abundance is positively correlated with sea surface temperature rising [START_REF] Vezzulli | Longterm effects of ocean warming on the prokaryotic community: evidence from the vibrios[END_REF]. Rationally, if sea surface temperature goes in the direction of optimal growth temperature for pathogens or their reservoirs (such as copepods whose abundance has been correlated to cholera outbreaks in Bangladesh (Constantin de [START_REF] De Magny | Role of Zooplankton Diversity in Vibrio cholerae Population Dynamics and in the Incidence of Cholera in the Bangladesh Sundarbans[END_REF]), occurrence of those vibrios is expected to increase. In a context of global warming and considering the "opportunitroph" status of vibrios due to their high colonization and adaptation potential, an increase in severity of vibriosis is likely to happen (Baker- [START_REF] Baker-Austin | Environmental occurrence and clinical impact of Vibrio vulnificus and Vibrio parahaemolyticus: a European perspective[END_REF]2013;2016). However, in comparison to human pathogens, fairly little is known about the requirements for virulence in pathogenic vibrios of marine organisms. However, in France, C. gigas has been facing a series of diseases during the last twenty years, becoming a major threat for oyster-farming industry. Between 1998 and2008, mortality events have been associated with a multifactorial disease, termed "summer mortality syndrome" [START_REF] Samain | Summer Mortality of Pacific Oyster Crassostrea gigas.V e r s a i l l e s : Editions Quae[END_REF]. It was dependent on host genetic background and physiological state (stress and maturation), happened when seawater temperature reached a threshold of 19°C [START_REF] Samain | Summer Mortality of Pacific Oyster Crassostrea gigas.V e r s a i l l e s : Editions Quae[END_REF] and was associated with the presence of several pathogenic microorganisms: the ostreid Herpes virus OsHV-1 and vibrios mainly belonging to the Splendidus clade and Vibrio aestuarianus [START_REF] Renault | Herpes-like viruses associated with high mortality levels in larvae and spat of Pacific oysters, Crassostrea gigas: a comparative study, the thermal effects on virus detection in hatchery-reared larvae, reproduction of the disease in axenic larvae[END_REF][START_REF] Lacoste | A Vibrio splendidus strain is associated with summer mortality of juvenile oysters Crassostrea gigas in the Bay of Morlaix (North Brittany, France)[END_REF]Gay et al., 2004).

Since 2008, distribution and severity of this phenomenon have been increasing. It mainly occurs on juvenile oysters and arises when seawater temperature reaches 16°C and can result in losses of up to 100% of production in some farms [START_REF] Samain | Summer Mortality of Pacific Oyster Crassostrea gigas.V e r s a i l l e s : Editions Quae[END_REF] and all French coasts are affected by this disease. C. gigas mortality events have also been reported worldwide: in Northern America (Caceres-Martinez et al., 2018;[START_REF] Burge | Mortality and herpesvirus infections of the Pacific oyster Crassostrea gigas in Tomales Bay, California, USA[END_REF] and in South America (Mello et al., 2017), in Oceania [START_REF] Go | Mass mortalities of unknown aetiology in Pacific oysters Crassostrea gigas in Port Stephens, New South Wales, Australia[END_REF], in Southern [START_REF] Domeneghetti | Mortality occurrence and pathogen detection in Crassostrea gigas and Mytilus galloprovincialis close-growing in shallow waters (Goro lagoon, Italy)[END_REF] and in Northern Europe (Reise et al., 2017). These mortalities are associated with the detection of the Herpes virus OsHV1 µvar and bacteria from the genus Vibrio isolated from diseased oysters (Segarra et al., 2010;Schikorski et al., 2011;Martenot et al., 2013;Gay et al., 2004;Bruto et al., 2017). Since 2012, reported cases of adult oyster mortalities have strongly increased and are associated with clonal strains of the pathogen V. aestuarianus [START_REF] Goudenège | A single regulatory gene is sufficient to alter Vibrio aestuarianus pathogenicity in oysters[END_REF].

VI.B Virulence mechanisms of juvenile oyster pathogens

Despite strong economic and ecological consequences, to date, knowledge on oyster infection by vibrios is limited and is mainly based on very few model strains and experimental infection studies in the laboratory with unknown relevance for disease in the wild.

Vibrios from the Splendidus clade have been isolated for years from diseased juvenile oysters [START_REF] W-Waechter | Characterization of pathogenic bacteria of the cupped oyster Crassostrea gigas[END_REF]Gay et al., 2004). Among them, the virulent strain LGP32 from the species Vibrio tasmaniensis became a model to study the oyster/Vibrio interaction.

Mechanisms of virulence described so far are the followings.

LGP32 is an intracellular pathogen of oyster hemocytes, which are cells involved in numerous physiological processes including host defense reactions (Duperthuy et al., 2011). Hemocytes invasion is mediated by the outer membrane protein OmpU that allows LGP32 to adhere and to invade hemocytes, making LGP32 able to survive into phagosomes (Duperthuy et al., 2011). An ATPase CopA, involved in copper resistance, is overexpressed by LGP32 when it is in the hemocyte and plays a role in intracellular survival [START_REF] Vanhove | Copper homeostasis at the host vibrio interface: lessons from intracellular vibrio transcriptomics[END_REF]. OmpU plays a role in resistance to antimicrobial peptides involved in C. gigas immunity [START_REF] Duperthuy | 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[END_REF], as well as outermembrane vesicles (OMVs) produced by LGP32 (Vanhove et al., 2015). OMVs contain proteases, the major one being a vesicular serine protease (Vsp). Vsp deletion results in a reduced virulence in experimental infection of oysters. Finally, the Vsm metalloprotease has been demonstrated to be the major toxicity factor of LGP32 extracellular products (Le Roux et al., 2007[START_REF] Binesse | Metalloprotease vsm is the major determinant of toxicity for extracellular products of Vibrio splendidus[END_REF].

In another population isolated from haemolymph of diseased oyster (Faury et al., 2004), V. crassostreae, the virulence seems to rely on distinct mechanisms since its cytotoxicity is not dependent on hemocytes invasion (T. Rubio pers. com). Contrary to LGP32, at the beginning of my PhD project, few virulence factors had been evidenced in this population. Only a gene encoding a putative outer membrane protein of unknown function (R5.7) has been demonstrated to play a role in oyster infection (Lemire et al., 2015).

In a situation of quasi-monoculture of C. gigas and with the increase of mortality events reported worldwide, the sustainability of oyster-farming relies on management strategies of the disease that could arise from understanding the fine mechanisms of this infectious disease.

VI.C Crassostreae gigas as a model to study infection in the wild

In addition to being a species of prime interest for aquaculture, the relation C.

gigas/vibrios has been proposed as a model to explore disease dynamics in the wild and can be exploited to understand the complex ecological and evolutionary dynamics of infectious agents.

First, most of the vibrios are easily cultured and are able to grow on the selective medium Thiosulfate-citrate-bile salt-sucrose agar (TCBS), which facilitates their isolation. Then, delineation of vibrios in ecological populations (Hunt et al., 2008) and the possibility to genetically manipulate several Vibrio strains (Le Roux et al., 2016) allow to investigate microbe evolution at both gene and genome level and to determine the consequence of this evolution on microbe ecology and host damages.

The recent development of Specific-Pathogen-Free (SPF) oyster (Petton et al., 2013) constitutes an important step forward towards investigating natural infection mechanisms. SPF oysters are descendants of a pool of genitors that are produced in hatcheries under highly controlled conditions to minimize the influence of genetic and environmental parameters that could affect the host sensitivity to the disease (Petton et al., 2013;2015a;2015b). SPF oysters are not axenic, but they contain a low dose of Vibrio and the herpes virus is not detected, both infectious agents being associated with diseased oysters. Microbiome composition in SPF oyster remains unknown but it is not sufficient to induce a disease. SPF oysters can be placed in the environment where they can be naturally infected. Onset of mortality and cumulative mortality rates can be monitored under natural conditions. Once infected, alive animals can be reintroduced in laboratory to explore the diversity and dynamics of microbes during disease progression. Moreover, these SPF oysters can be used for high-throughput experimental infections with hundreds of bacterial isolates (Goudenège 2015, Lemire 2014;Petton 2015).

Those elements offer a unique opportunity to study the evolutionary adaptation of these bacteria to oyster environment, and pathogen emergence.

VI.D Objectives

During this PhD project, we took advantage of the infection model C. gigas to fill the lack of basic knowledge about vibrios in the environment. Investigating pathogen ecoevolutionary history and exploring their virulence mechanisms is an essential step to understand and further manage environmental vibrio-associated diseases. In this PhD project, we addressed two main questions: i) How widespread is pathogenic potential of vibrios in the wild? ii) Does oyster farming select for emergent pathogen(s)? To address these questions, we combined experimental ecology, a high throughput infection assay, genome sequencing and inverse genetics. We found that a number of environmental populations are virulent toward oysters thanks to virulence mechanisms likely acquired during ecological differentiation. We observed that diseased juvenile oysters are always colonized by diverse vibrios and proposed a scenario on the role of vibrios in mortality events. V. crassostreae was found to be abundant in diseased oyster. Its virulence is dependent on a type VI secretion system carried by a plasmid. This plasmid is only detected in high-density oyster farming areas, suggesting that intensive aquaculture settings have selected higher virulent genotypes. We further showed that plasmid transfer and/or selection is enhanced in oyster compared to in vitro conditions. This result suggests that oysters represent a niche for HGT and emergence of pathogens.

Chapter I Ancestral gene acquisition as the key to virulence potential in environmental Vibrio populations Vibrios have been associated with mortality events of numerous wild and farmed marine organisms. The number of cases of these diseases are rising worldwide and are occurring coincidentally with global changes. To better understand and manage these diseases, the ecology and the evolution of these infectious agents need to be explored. The first question we wanted to address is how widespread potential pathogens are in the wild. Are they already present in the environment or do they emerge following environmental changes, such as those induced by farming at high density and/or animal transfers?

Previous studies conducted on these pathogenic agents have relied on samplings that are often performed on diseased animals. This presents a major bias resulting from pathogens expansion in diseased animals. To address this issue, we used a collection of strains isolated from Plum Island (MA, USA), an area with no high-density oyster farming. This collection contains representatives of fifteen ecological populations that had been previously well described in Vibrio population structure analyses. To assess the virulence potential of these strains, we used specific pathogen free oysters as a model for experimental infection that allows rapid, high throughput and replicable screening of virulent strains. Mapping virulence potential on the population structure allows us to explore the functional unit of pathogenesis, i.e. a clone that recently emerged after the acquisition of virulence via HGT or a population within which strains ancestrally acquired and maintain virulence factors that are selected in the niche.

Injection of individual strains into oysters showed that some populations only contain non-virulent strains (9/15), while the remaining ones contain virulent strains (6/15) (figure 1).

As most of the populations containing virulent strains belong to the Splendidus clade (5/6), we conducted further tests to distinguish whether the ability to kill oysters is an ancestral trait for the entire clade.

Within the Splendidus clade, two closely related populations showed contrasting virulence potential: the first one only contains virulent strains (thereafter named virulent population) while the other only contains non-virulent strains (non-virulent population).

Comparative genomics allowed us to identify 24 genomic regions that are specific to the virulent population. Each of these 24 regions were genetically deleted in order to explore their role in virulence; we found that only one locus, Rg, is necessary for full virulence. This locus encodes two exported proteins of unknown function named R5-7 and R5-8.

Deletion of the R5-7 gene results in reduced virulence when injected in to oyster. Full virulence restoration was obtained after co-injection of the mutant with the purified R5-7 protein, suggesting that this protein interacts with the external surface of the bacterium or the host target cells. However, this protein was not sufficient to induce mortality when injected alone or coinjected with a non-virulent strain, suggesting that R5-7 alone does not have a lethal effect. R5-8 gene deletion did not impair virulence. Overall, our results suggest that only R5-7 is important for Rg virulence.

The R5-7/8 cluster is found exclusively in the genome of strains that belong to the Splendidus clade. An ancestral character state reconstruction suggests that this cluster has been acquired by the most recent common ancestor (MRCA) of the Splendidus clade and has then been lost by some populations. The presence/absence pattern of R5-7/8 correlates with population virulence potential. This cluster is, in most cases, transferred vertically to the offspring. Its high frequency in virulent populations suggests that it is maintained by positive selection. Finally, ancestral acquisition, high frequency or loss at the level of population and vertical transmission strongly suggest that this cluster plays a role in adaptation to the niche and that it has therefore not been selected as a virulence factor. Within V. splendidus and Vibrio cyclitrophicus populations, few non-virulent strains harbor this gene cluster, suggesting that it is necessary but not sufficient for virulence and therefore other genes must play a role in virulence. By comparative genomics within V. splendidus strains, we identified a cluster encoding a multifunctional-autoprocessing-repeatsin-toxin (MARTX) toxin and its transporter whose presence was strongly correlated with high virulence potential. Deletion of this cluster impaired virulence towards oysters. This is the first demonstration of the involvement of a MARTX toxin in virulence towards marine invertebrates. MARTX toxins are composed of a core structure containing conserved N-and C-terminal regions and a cystein protease domain, and heterogeneous composition of effector domains. Only one effector domain, the Ras/Rap1-specific endopeptidase (RRSP), is conserved among all V. splendidus MARTX toxins from our strain collection; suggesting an essential role in the MARTX toxin activity. Ras and Rap1 proteins are involved in intracellular signaling and membrane trafficking, including the Toll-like receptor 4 trafficking implicated in animal innate immunity. Hence, RRSP domain may be important in the MARTX activity by affecting host immunity. The variability in effector domain composition suggests that the different variants play distinct roles in the niche, which has previously been proposed for V. vulnificus.

In the Splendidus clade, MARTX toxin is only found in V. splendidus, and in 24/35 strains. However, it is present in other pathogenic species at variable frequencies; suggesting different selective pressure is ongoing within this cluster. The MARTX toxin is a large secreted protein, its production is thus very costly for the cell. Within V. splendidus, the intermediate frequency, the large size and the diversity of the effector domain composition suggest that the MARTX toxin is under frequency-dependent selection, therefore genotypes carrying this cluster are only favored when they represent a small proportion of the population.

In this study, we show that virulence towards juvenile oysters is an ancestral trait in the Splendidus clade. Virulence potential is a phenotype shared by the whole population and is thus not related to clonal emergence. R5-7 is necessary but not sufficient for virulence, additional genes may be involved in virulence. In addition to R5-7, we identified a MARTX toxin that plays a role in the virulence of V. splendidus.

More broadly, we showed that several environmental Vibrio populations were virulent, independent of intensive aquaculture settings. As virulence is a core genome function for those virulent populations, specific markers, like the R5-7/8 gene cluster, can be used for risk assessment. To manage oyster disease, an important step will be to explore the specific ecological conditions that occur as virulent populations increase in the environment. As virulent populations possess population-specific virulence genes, co-occurrence of such populations could result in cooperation or even synergistic interactions. We already have substantial evidence to suggest that intermediate virulence of a strain can be increased by mixing it with another strain. The hypothesis of a polymicrobial disease inducing juvenile oyster mortalities needs to be further explored. This work is detailed in the article entitled "Ancestral gene acquisition as the key to virulence potential in environmental Vibrio populations" (accepted in the ISME Journal in July 2018). In this study, I performed the high throughput experimental infection assays, mutagenesis and statistical analyses.

Introduction

Global change due to rising temperature and ocean acidification but also more directly due to anthropogenic influences, such as widespread use of aquaculture, is predicted to lead to a worldwide increase in Vibrio-associated illness of marine organisms [1][2][3]. This development is illustrated by recent outbreaks of disease in Crassostrea gigas (oyster) farms in France [4,5], in which strains related to the Splendidus clade have been implicated [6][7][8][9][10]. The Splendidus clade is a large group of closely related species (e.g., V. splendidus, V. crassostreae, V. tasmaniensis, and V. cyclitrophicus) containing several facultatively pathogenic members that affect diverse marine organisms [11,12]. Elevated host density due to farming is a likely factor involved in Vibrio-associated disease. However, it is less well understood whether the bacteria are drawn from environmental reservoirs of potential pathogens or have arisen by recent acquisition of virulence traits in response to increased host availability due to aquaculture. The latter appears to be the case in V. crassostreae, which we recently demonstrated to have emerged as an oyster pathogen at least partially as a result of the population-specific spread of a virulence plasmid [6]. However, collections of environmental pathogens are typically biased toward isolates from diseased animals [13,[START_REF] Sundberg | Intensive aquaculture selects for increased virulence and interference competition in bacteria[END_REF]. It is thus difficult to assess how broadly distributed virulence potential is among Vibrio spp., i.e., whether virulence is limited to few strains within populations or is a trait of the entire species. We therefore reasoned that assessment of virulence properties within populations of Vibrio spp. in natural environments where oysters are not farmed, could be used to determine what level of taxonomic resolution has the greatest predictive power for disease risk assessment in oyster-farming areas.

Here we determine the virulence potential of a large collection of Vibrio strains using specific pathogen-free (SPF) oysters as a model. The bacterial strain collection derives from a single location without intense oyster farming, on the Atlantic coast of the United States (Massachusetts, Plum Island). Extensive genetic and microhabitat characterization of these isolates has been previously reported and identified genetically defined groups that correspond to ecologically distinct habitats. This is indicative of different lifestyles (free-living or attached to different types of particulate organic matter and zoo-or phytoplankton) between these groups [15][16][17][18]. Subsequent work has found multiple lines of evidence these Vibrio groups represent biologically distinct populations with respect to gene flow [19,20] and interaction with other organisms (social/behavioral networks) [21][22][23]. As such, these populations fit species concepts as typically used in plant and animal ecology; however, we note that they are at a finer evolutionary divergence than those traditionally used to separate species in bacterial taxonomy. To assess the virulence potential of these populations, we injected a large number of strains into juvenile SPF oysters and monitored their mortality. These animals are descendants of a pool of genitors that are produced in hatchery under highly controlled conditions to minimize the influence of genetic and environmental parameters that could affect the host sensitivity to the disease [10,24,25]. Moreover, these SPF oysters can be used for high-throughput experimental infections with hundreds of individual bacterial isolates [9,10,26]. Assaying the virulence of strains by injection has drawbacks, as it fails to capture the importance of initial infection events such as mobility and chemotaxis. However, Vibrio spp. related to Splendidus (both virulent and nonvirulent) naturally colonize the oyster hemolymph [6] and injection in the adductor muscle allows the direct transfer of bacteria in the hemolymph. Here screening Vibrio strains by injection allows the identification of traits that cause death in the animals. It is thus possible to ask whether the functional units of pathogenesis for oysters are either clones that have emerged after recent acquisition of virulence factors by horizontal gene transfer (HGT) or populations of diverse genotypes with virulence as a core function [27].

We show that the ability to trigger oyster mortality is an ancestral trait of populations within the Splendidus clade and depends on at least two loci. While in some populations all members are potentially virulent, the trait occurs intermittently in other populations and some populations have lost it altogether. The ancestrally acquired gene R5.7 is necessary for full virulence and while it has co-diversified with populations, it was lost in the non-virulent populations. Across populations, additional genes may, however, play a role in virulence. This is illustrated by the occurrence of several different types of MARTX gene clusters in V. splendidus for which frequency-dependent selection is suggested. The widespread occurrence of virulence genes across environmental Vibrio populations suggests an important biological role but their different frequency also indicates that the role is population specific.

Materials and methods

Genome sequencing, assembly, and annotation

In the present study, a total of 37 strains (Table S1) were sequenced (Plateforme génomique, Institut Pasteur, Paris) using the Illumina HiSeq2000 technology with ~50-fold coverage as described previously [9]. Contigs were assembled de novo using Velvet [START_REF] Zerbino | Velvet: algorithms for de novo short read assembly using de Bruijn graphs[END_REF]. Computational prediction of coding sequences together with functional assignments was performed using the automated annotation pipeline implemented in the MicroScope platform [START_REF] Vallenet | MicroScope--an integrated microbial resource for the curation and comparative analysis of genomic and metabolic data[END_REF]. Some gene annotations were manually curated using InterPro, FigFam, PRIAM, COGs, PsortB, TMHMM, and synteny group computation.

Protein family identification

The proteome of each strain was first compared by performing a Blastp all-vs-all. The SiLiX software [START_REF] Miele | Ultra-fast sequence clustering from similarity networks with SiLiX[END_REF] was used to reconstruct protein families based on reciprocal alignment length (at least 80% of sequence length) and different thresholds of identity depending on the analysis. A threshold of 60% identity was used when comparing two populations, while a threshold of 80% was used to reconstruct families within a population.

Phylogenetic tree construction

Species trees were reconstructed based on core genes present in a single copy. Protein sequences of each family were first aligned with Muscle, filtered using Gblocks with relaxed parameters [START_REF] Castresana | Selection of conserved blocks from multiple alignments for their use in phylogenetic analysis[END_REF] and concatenated using a custom script (available at https://github.com/mbruto/OPOPOP). Phylogenetic reconstruction was done using RAxML [START_REF] Stamatakis | RAxML-VI-HPC: maximum likelihood-based phylogenetic analyses with thousands of taxa and mixed models[END_REF] on this concatemer using a LG model of evolution with a gamma model and default parameters. For single-marker gene trees, we aligned the sequences with Muscle and performed the phylogenetic reconstruction with RAxML using a GTR model of evolution with a gamma model and default parameters.

Phylogenetic logistic regression analysis

The correlation between gene family presence/absence and virulence (percentage of induced mortality) was computed using the phylogenetic logistic regression implemented in the R package "phylolm" [START_REF] Ho | A linear-time algorithm for Gaussian and non-Gaussian trait evolution models[END_REF]. Virulence was first standardized to have a mean equal to 0 and standard deviation equal to 1, as suggested in previous work [START_REF] Ives | Phylogenetic logistic regression for binary dependent variables[END_REF]. The following command was used to infer a correlation coefficient: phyloglm(Fam ~Mort, phy = Tree, data = Corr_data, method = "logistic_MPLE"). The variable Corr_data is a table containing the presence/absence of a single family in the first column (named Fam), while the second column contains virulence values that were standardized to have a mean of 0 and a standard deviation of 1 (named Mort). The Tree variable is the species tree of the strains considered. We used the logistic_MPLE model as it appears to be the most general one and can be applied on a wider range of data sets [START_REF] Ho | A linear-time algorithm for Gaussian and non-Gaussian trait evolution models[END_REF].

Ancestral character reconstruction

Ancestral character reconstructions were performed with the version 3.31 of Mesquite (http://mesquiteproject.org) using the maximum parsimony method. The presence or absence of the Splendidus specific locus R5.7/8 was coded as 1 or 0 in a character matrix. Together with the species tree, this matrix was used as an input to reconstruct the presence or absence of the cluster on each node using the unordered parsimony model, in which acquisitions and losses have an equal cost.

Molecular microbiology

The Vibrio collection used for the high-throughput infection assays (population F1-18), i.e., Plum Island collection, has been described previously [15]. The Vibrio strains isolated from a French oyster farming area have been described by Bruto et al. [6]. Strains and plasmids used or constructed in the present study are described in Table S2 andS3. Vibrio isolates were grown at 20 °C in Zobell broth or agar (4 g l -1 bactopeptone and 1 g l -1 yeast extract in artificial seawater, pH 7.6), Luria-Bertani (LB), or LB-agar (LBA) + 0.5 M NaCl. Escherichia coli strains were grown at 37 °C in LB or on LBA for conjugation experiments and in ZYP 5052 medium [START_REF] Studier | Protein production by auto-induction in high density shaking cultures[END_REF] for induction of protein expression in E. coli, strain BL21 (DE3). Chloramphenicol (Cm, 5 or 25 μg ml -1 for Vibrio and E. coli, respectively), carbenicillin (100 μg ml -1 ), thymidine (0.3 mM), and diaminopimelate (0.3 mM) were added as supplements when necessary. Induction of the P bad promoter was achieved by the addition of 0.2% Larabinose to the growth media, and conversely, was repressed by the addition of 1% D-glucose. Deletion of selected regions or genes was performed by allelic exchange using the pSW7848T suicide plasmid [START_REF] Roux | Construction of a Vibrio splendidus mutant lacking the metalloprotease gene vsm by use of a novel counterselectable suicide vector[END_REF][START_REF] Val | Genome engineering in Vibrio cholerae: a feasible approach to address biological issues[END_REF]. To this end, two 500-bp fragments flanking the target region or gene were amplified (see primer details in Table S4), cloned into pSW7848T as previously described [9], and transferred by conjugation from E. coli as a donor to Vibrio as a recipient. Subsequently, the first and second recombinations leading to pSW7848T integration and elimination were selected on Cm/glucose and arabinose-containing media, respectively. Gene inactivation was performed by cloning 500 bp of the target gene in pSW23T [START_REF] Demarre | A new family of mobilizable suicide plasmids based on broad host range R388 plasmid (IncW) and RP4 plasmid (IncPalpha) conjugative machineries and their cognate Escherichia coli host strains[END_REF] and selecting on Cm the suicide plasmid integration obtained by a single recombination [8].

For complementation experiments, the R5.7 gene was cloned in Apa1/Xho1 sites of the pMRB plasmid known to be stable in Vibrio spp. [START_REF] Roux | Conserved small RNAs govern replication and incompatibility of a diverse new plasmid family from marine bacteria[END_REF], resulting in a constitutive expression from a P lac promoter [9]. Conjugation between E. coli and Vibrio was performed at 30 °C as described previously [START_REF] Roux | Construction of a Vibrio splendidus mutant lacking the metalloprotease gene vsm by use of a novel counterselectable suicide vector[END_REF]. The BL21(DE3) strains expressing the R5.7_GFP fusion proteins were constructed using the Gibson assembly method (New England Biolabs, NEB) as previously described [START_REF] Labreuche | Nigritoxin is a bacterial toxin for crustaceans and insects[END_REF]. Briefly, the fragment encoding the green fluorescent protein (GFP) was amplified from plasmid pMRB-GFP [6] (see primer details in Table S4). R5.7 F12 and R5.7 crass genes, including a flexible linker were PCR-amplified from genomic DNA of strains B8 and J2-9, respectively. The pFO4 vector, that contains a His6-tag at the N terminus for affinity purification, was amplified by PCR inside-out. All constructs were confirmed by sequencing prior to electrocompetent BL21(DE3) transformation.

Purification of recombinant proteins

Recombinant R5.7 F12 and R5.7 crass proteins were purified as previously described [START_REF] Labreuche | Nigritoxin is a bacterial toxin for crustaceans and insects[END_REF]. Briefly, after expression of the proteins in ZYP 5052 (20 °C, 72 h) and chemical cell lysis, the lysate was clarified at 13,865 × g for 45 min at 4 °C. The supernatant was loaded on a 5-ml GE HisTrap HP column, washed twice with 20 mM Na 3 PO 4 , pH 8.0, 290 mM NaCl, and 5 mM imidazole, and eluted using a gradient of 1-100% 20 mM Na 3 PO 4 , pH 8.0, 290 mM NaCl, and 1 M imidazole. Fractions containing the protein of interest were pooled, concentrated (molecular weight cutoff of 10 kDa), and loaded onto a Superdex S200 column in HEPES that contains 20 mM NaCl at 150 mM, pH 7.4. Fractions were again pooled and concentrated. The concentration was calculated from A 280 and the extinction coefficient was calculated using the ProtParam tool from ExPASy (ε 0.1% of 1.04).

Experimental determination of mortality

To determine the virulence of isolates, bacteria were grown under constant agitation at 20 °C for 24 h in Zobell media. One hundred microliters of the culture (10 8 colony-forming units, cfu) were injected intramuscularly into oysters. Coinjections of the ΔR5.7 mutant with the recombinant purified R5.7 F12 or R5.7 crass proteins were performed following the same procedure, except that the tested protein (30 μg/ animal) or the corresponding volume of protein solubilization buffer (as a control) were added to the bacterial suspension 1 h before injection. The bacterial concentration was confirmed by conventional dilution plating on Zobell agar. After injection, the oysters were transferred to aquaria (20 oysters per 2.5 l of aquarium) containing 1 l of aerated 5-µm-filtered seawater at 20 °C, and kept under static conditions. Experiments were performed in duplicate at least twice, and mortality was assessed after 24 h.

Results

Virulence is an ancestral trait of several ecological populations

We first investigated the frequency of virulence among 405 strains representing 15 ecological populations sampled randomly from Plum Island (MA) [15,17] by injecting them individually into SPF oysters. This showed that nine populations contained exclusively non-virulent strains, while six of them were potentially virulent with the majority (5/6) of these being in the Splendidus clade (Fig. 1, populations belonging to the Splendidus clade are each indicated by distinct colours). All the strains of population F12, which represents a new species closely related to V. crassostreae [START_REF] Faury | Vibrio crassostreae sp. nov., isolated from the haemolymph of oysters (Crassostrea gigas)[END_REF], induced high levels of oyster mortality, while populations F15 (taxonomically assigned to the species V. cyclitrophicus), F17 (V. tasmaniensis), and F18 (V. splendidus) are predominantly virulent, and population F16 (V. tasmaniensis) mostly contains non-virulent strains. The only highly virulent population outside the Splendidus clade 13 Fig. 1 Mortality induced in oysters by Vibrio populations. The virulence potential mapped onto the isolate phylogeny (Vibrio collection from Plum Island, MA, USA). The tree is based on the genetic marker hsp60 and comprises different genotypic clusters previously found to have a cohesive ecology and hypothesized to represent samples from natural ecological populations [15]. The closest named species to populations are as follows: F1: Enterovibrio calviensis; F2: Enterovibrio norvegicus; F3: V. ordalii; F4: V. rumoiensis; F5: V. alginolyticus; F7 Aliivibrio fischeri/logei; F8: A. fischeri; F9: V. superstes; F15: V. cyclitrophicus; F16-17: V. tasmaniensis; F18: V. splendidus. Populations F6, 10, 12, and 13 were not assigned to a species and were thus named here as Vibrio sp. nov. The node leading to the Splendidus clade in this tree is indicated by a red dot and the six populations belonging to the Splendidus clade are each indicated by distinct colors (also used in subsequent figures). Note that the presence of populations F9 and F10 within this cluster on the hsp60 tree is an artifact of a recombination event in that gene and they are not members of the Splendidus clade, as determined by a full genome analysis. Red bars indicate weighted mortality (using V. crassostreae J2-9 mortality rate as a reference to evaluate variability between experiments) induced by individual strains 24 h after injection in oysters (n = 20). The range of variability for J2-9 between experiments (50-90%, data not shown) was lower than the variability between populations. Stars indicate the available genome sequences is F3, which is taxonomically assigned to V. ordalii,a species that has been associated with fish disease [START_REF] Austin | Taxonomy of bacterial fish pathogens[END_REF]. The observed high prevalence of virulence among populations in the Splendidus clade led us to test the hypothesis that the ability to kill oysters might be an ancestral trait for the entire clade by (i) identifying putative virulence genes by comparative genomics and genetic knockout and (ii) reconstructing the acquisition and inheritance of the virulence genes among populations.

The same genes are necessary for full virulence across the Splendidus clade

To test the hypothesis of ancestral virulence in the Splendidus clade, we first sought to identify genes potentially responsible for virulence using comparative genomics of populations F12 (Vibrio sp. nov) and F13 (Vibrio sp. nov), since these are the most closely related populations that contain exclusively virulent and non-virulent strains, respectively (Fig. 1). Using genomes of five isolates from each population, we identified 120 genes to be specific to the virulent population F12, of which 87 genes were localized in 24 genomic regions, designated regions a through x (i.e., Ra through Rx) (Table S5). Annotation implicates many of these genes in regulation, detoxification, xenobiotic degradation, siderophore production, or acquisition, i.e., the ability to respond to transient selective pressure in the environment.

Using a genetic knockout approach, we next investigated the importance of these loci for the virulence of population F12 strain 10N.286.48.B8 (hereafter named B8). None of the 24 deletions impaired bacterial growth in culture media (data not shown) and only the deletion of region Rg resulted in a decrease in oyster mortalities after experimental infection (Fig. 2a). This region contains two genes VB12B8_v1_40197 and VB12B8_v1_40198, each encoding an exported protein of unknown function. Notably, these genes showed 91 and 90% identity to the R5.7 and R5.8 proteins of V. crassostreae, respectively [9]. For simplicity, these genes are subsequently referred to as R5.7/ 8 cras or R5.7/8 F12 for V. crassostreae and population F12, respectively. A mutant lacking the R5.7 F12 gene (ΔR5.7 F12 ) revealed that this gene contributes to B8 virulence (Fig. 2b), as previously shown for R5.7 cras . When constitutively expressed in trans from a plasmid, R5.7 F12 or R5.7 cras were Fig. 2 Oyster mortality in response to experimental infection with Vibrio wild-type strains and derivatives. a Twenty four populationspecific regions were deleted in Vibrio sp. nov F12 strain B8. Virulence of the wild-type B8 strain (wt), derivatives (deletion of regions a to x), and Vibrio sp. nov F13-like strain J2-8 as a negative control was compared after injection of strains ( 10 sufficient to partially restore the virulence of the mutant ΔR5.7 F12 . Furthermore, a complete restoration of virulence was observed by co-injecting the ΔR5.7 F12 with the recombinant purified R5.7 F12 or R5.7 cras proteins (Fig. 2c).

On the other hand, these proteins did not induce mortality when injected alone or co-injected with the non-virulent strain J2-8, showing that R5.7 is not sufficient to induce mortality. Finally, the deletion of the R5.8 gene did not alter the virulence of the B8 strain, showing that only R5.7 is necessary for the contribution of Rg to virulence. R5.7/8 appear highly specific to the Splendidus clade, as evidenced from the distribution in 872 available genomes from 30 different species of Vibrio. First, R5.7 is always colocalized with R5.8 (Fig. S1). Second, this gene cluster is restricted to the Splendidus clade encompassing the populations F12 (Vi brio sp. nov), F15 (V. cyclitrophicus), and F18 (V. splendidus) from the Plum Island collection, as well as populations of strains previously isolated from a French oyster farming area and assigned to V. chagasii, V. splendidus, and V. crassostreae [6,9] (Fig. 3). We note that population F17 (V. tasmaniensis) shown in Fig. 1 from the Plum Island collection was not evaluated since there are currently no genomes available. We also confirmed the importance of the R5.7 homolog for virulence in V. chagasii and V. splendidus by inactivating this gene in strains representative of these species (Fig. S2). Finally, the genomic comparison showed that the R5.7/8 gene cluster is absent in three out of eight populations within the Splendidus clade (Fig. 3), populations F13 (Vibrio sp. nov) and F16 (V. tasmaniensis) from the Plum Island collection, and also in Vibrio sp. nov F13-like isolated in France. Moreover, a single non-virulent V. splendidus strain, 1S_14, was lacking the gene (confirmed by PCR, data not shown). Altogether, these results suggest that the R5.7 gene is necessary for full virulence across the entire Splendidus clade.

We next tested whether the R5.7/8 gene cluster distribution in the Splendidus clade is best explained by (i) ancestral acquisition followed by multiple losses or (ii) multiple independent acquisitions. Reconstruction of the most parsimonious ancestral character state of the R5.7/8 genes suggests an acquisition in the most recent common ancestor (MRCA) of the Splendidus clade followed by three distinct losses in the MRCAs of populations F13, F16, and F13-like (Fig. 3). The R5.7/8 gene tree is highly congruent with the species tree (Fig. 4), suggesting vertical inheritance and persistence of the gene cluster through speciation events that likely involved differential ecological specialization of Fig. 3 Distribution of the R5.7 and R5.8 cluster and the surrounding genes in the Splendidus clade. The phylogenetic tree was reconstructed on an alignment of 707 concatenated core proteins and rooted with V. breoganii FF50. The length of the outgroup branch has been arbitrarily defined (dashed line) to increase the resolution of the tree. The eight species considered are highlighted in alternating grays. Strains isolated from Plum Island are indicated by the same color code as in Fig. 1 (outer-circle). Species assignment and correspondence to population assignment in Fig. 1 are also indicated. Strains isolated from oyster-farming areas in France, i.e., V. chagasii, V. crassostreae, and Vibrio sp. nov F13-like are indicated in gray (outer-circle). The absence and presence of the R5.7/8 cluster are represented by white and red squares, respectively. The presence of the surrounding genes is indicated by a black square if they belong to the same syntenic group of the R5.7/8 gene cluster (see also Figure S1). Note that in V. splendidus, only the strain 1S_14 lacks the R5-7/8, while strains FF_139, FF-144, and 1S-157 lack at least one flanking gene. Red and white circles on the tree indicate acquisition and loss of R5.7/8, respectively the populations. The main exception to this vertical inheritance pattern is population F12, which is most closely related to V. crassostreae in the species tree but is sister to V. chagasii in the R5.7/8 tree indicating horizontal acquisition. Although the R5.7/8 gene tree clusters the vast majority of strains within their previously assigned populations, four strains are an exception: one V. cyclitrophicus (out of 27) and three V. splendidus (out of 56) appear to have acquired the R5.7/8 locus horizontally (Fig. 4). This more recent acquisition most likely involved homologous recombination since annotation of genes present within 20 kb upstream and downstream of the R5.7/8 locus did not identify any potential insertion sites for mobile genetic elements. However, such gene conversions appear to be the exception and our analysis predicts that R5.7/8 was ancestrally acquired and subsequently predominantly vertically inherited in the Splendidus clade.

Acquisition and loss of MARTX toxin modulates virulence

The above genomic analysis also showed that R5.7 was present in non-virulent strains belonging to populations F15 and F18 (Figs. 1 and3), suggesting that the gene is necessary but not sufficient for virulence and that other genes may play a role that these strains might have lost or never acquired. To test this hypothesis of additional virulence genes, we first computed the correlation between gene family presence/absence and induced mortalities using phylogenetic logistic regression in population F18 (V. splendidus) (see Materials and methods). Among 12,158 families, only six genes, which were all colocalized in a single locus, showed a high correlation factor (c = 4.01; P = 0.005) (Fig. 5a). This locus encodes a putative toxin (MARTX encoded by the gene rtxA), a putative acyltransferase (rtxC), an uncharacterized protein (rtxH), and a putative type-I secretion system (rtxBDE). Because this comparison strongly suggested rtxACHBDE as additional virulence genes, we genetically assessed the importance of this locus for V. splendidus virulence.

The deletion of the complete rtxACHBDE locus in three strains (ZS_173, ZS_185, and ZS_213) did not impair growth in culture media, but resulted in a considerable decrease in mortalities after injection of bacteria (Fig. 6), demonstrating a role of this locus in V. splendidus virulence. MARTX toxins have been defined as "multifactorial effector cargo translocation, processing and delivery machines" (reviewed by refs. [START_REF] Gavin | MARTX toxins as effector delivery platforms[END_REF][START_REF] Satchell | Multifunctional-autoprocessing repeats-in-toxin (MARTX) toxins of Vibrios[END_REF]). As in other bacteria, the MARTXs found in V. splendidus (MARTX Vs )a r ee x t r e m e l yl a r g e( 3 6 4 6 -5097 aa) and contain several domains (Fig. 5b). MARTX Vs is predicted to contain the three domains found in all MARTXs, i.e., the core structure composed of two conserved regions at the amino-and carboxyl-termini and a cystein protease domain (CPD) [START_REF] Satchell | MARTX, multifunctional autoprocessing repeats-intoxin toxins[END_REF]. Only one effector domain, a Ras/ Rap1-specificendopeptidase(RRSP) [46,[START_REF] Biancucci | Substrate recognition of MARTX Ras/Rap1-specific endopeptidase[END_REF]ispresentin all MARTX Vs .Ah o m o l o go ft h ea c t i nc r o s s -l i n k i n g domain (ACD) [START_REF] Cordero | The actin cross-linking domain of the Vibrio cholerae RTX toxin directly catalyzes the covalent cross-linking of actin[END_REF]a l l o w sd i s t i n g u i s h i n gt w om a i nv a riants of MARTX Vs but the presence of ACD is not associated with heightened virulence among strains. The α/β hydrolase (ABH) and the cysteine protease (MCF) domains [START_REF] Agarwal | The Makes Caterpillars Floppy (MCF)-like domain of Vibrio vulnificus induces mitochondrion-mediated apoptosis[END_REF]a r ea b s e n tf r o mo n l yt w oV. splendidus strains (5S-272 and ZS-117) out of 24, that are still virulent. Finally, the Rho inactivation domain (RID) [START_REF] Ahrens | Identification of a His-Asp-Cys catalytic triad essential for function of the Rho inactivation domain (RID) of Vibrio cholerae MARTX toxin[END_REF] found in V. cholerae and V. vulnificus and associated with a "cell rounding" effect is absent from V. splendidus. Hence, none of the domains ACD and RID previously demonstrated to affect polymerized actin in target eukaryotic cells, seem to be key domains of V. splendidus MARTX activity, while the RRSP may be hypothesized as an essential domain for its activity.

In the Splendidus clade, the rtxACHBDE cluster is found only in V. splendidus but is also present in several more distantly related Vibrio species (Fig. 7). Within V. splendidus, the locus is present in 24/35 members (Fig. 5a), is chromosomally encoded, and does not show any signs of recent acquisition by HGT involving non-homologous mechanisms. Across all 872 genomes of Vibrionaceae (Fig. 7), this cluster is identified in seven additional species that have all been associated with disease in humans or animals [START_REF] Gavin | MARTX toxins as effector delivery platforms[END_REF][START_REF] Satchell | Multifunctional-autoprocessing repeats-in-toxin (MARTX) toxins of Vibrios[END_REF]. The frequency of the locus (strains carrying the rtxACHBDE cluster/total) appears different between species. In V. cholerae, V. vulnificus, and V. ordalii, the cluster is present in the vast majority of the strains, suggesting strong selection for its maintenance, irrespective of their source of isolation. In V. cholerae and V. vulnificus, 153 of 167 and 15 of 16 clinical isolates, and 37 of 43 and 16 of 16 environmental isolates contained the rtxACHBDE cluster, respectively. Conversely, in the shrimp pathogen V. nigripulchritudo, the cluster is restricted to six strains that belong to the same pathogen-containing lineage and is carried by a plasmid [START_REF] Goudenege | Comparative genomics of pathogenic lineages of Vibrio nigripulchritudo identifies virulence-associated traits[END_REF][START_REF] Roux | Virulence of an emerging pathogenic lineage of Vibrio nigripulchritudo is dependent on two plasmids[END_REF]. Similarly, in V. harveyi and V. aestuarianus, the locus is detected in only 3 of 23 and 1 of 12 strains, respectively, and annotation of flanking regions indicates a recent acquisition by HGT (plasmid genes, transposase, and syntenic rupture). Hence rtxACHBDE, although widespread among Vibrio spp., appears to be present at variable frequencies within species, indicating potentially different selective pressures on the gene cluster. 

(f) V. ordalii; (g) V. scophthalmi; (h) V. coralliilyticus; (i) V. furnissii; (j) V. fluvialis; (k) V. metoecus; (l) V. mimicus; (m) V. cholerae; (n) V. navarrensis; (o) V. cidicii; (p) V. vulnificus; (q) V. natriegens; (r) V. para- haemolyticus; (s) V. alginolyticus; (t) V. rotiferianus; (u) V. harveyi; (v) V. campbellii; (w) V. owensii; (x) V. jasicida; (y) V. mediterranei; (F15) V. cyclitrophicus; (aa) V. crassostreae; (ab) V. chagasii; (ac) Vibrio sp. nov

Discussion

Ecological and evolutionary dynamics of virulence genes have been poorly documented for Vibrionaceae in the wild, and most knowledge stems from a handful of human pathogens isolated from clinical cases where the focus has been on pathogen emergence by gene acquisition and expansion of virulent clones [START_REF] Boucher | Sustained local diversity of Vibrio cholerae O1 biotypes in a previously cholera-free country[END_REF][START_REF] Martinez-Urtaza | Genomic variation and evolution of Vibrio parahaemolyticus ST36 over the course of a transcontinental epidemic expansion[END_REF][START_REF] Raz | Genome-wide SNP-genotyping array to study the evolution of the human pathogen Vibrio vulnificus biotype 3[END_REF][START_REF] Shapiro | Origins of pandemic Vibrio cholerae from environmental gene pools[END_REF]. Here we show that virulence toward juvenile oysters appears to be an ancestral trait in the Splendidus clade triggered by the acquisition and subsequent vertical inheritance of the R5.7/8 gene cluster. Populations F12 (closely related to V. crassostreae), F15 (V. cyclitrophicus), and F18 (V. splendidus) have all previously been implicated in mortality of a wide range of animals [8,[START_REF] Roux | The Vibrios[END_REF], and our results show that the ability to be virulent is characteristic of the entire populations, rather than recently emerged clones. Consequently, non-virulent populations and strains have evolved by gene loss and expansion. However, we also show that increased virulence likely involves additional gene acquisitions, as demonstrated for the rtxACHBDE gene cluster, which in our collection was specifically acquired by V. splendidus. Because our results indicate that the R5.7 gene is necessary but not sufficient for virulence, we hypothesize that the other virulent populations within the Splendidus clade (e.g., F15, V. cyclitrophicus) may contain additional yet-to-be-determined virulence genes.

The only virulent population outside the Splendidus clade in our collection is F3, V. ordalii, which has been associated with fish disease [START_REF] Austin | Taxonomy of bacterial fish pathogens[END_REF] and belongs to the Anguillarum clade that contains the fish pathogen V. anguillarum and the oyster pathogen V. aestuarianus [26]. This widespread distribution of pathogenicity among closely related species suggests that similar to the Splendidus clade, virulence traits might have been acquired by the MRCA of the Anguillarum clade. One candidate gene is a zinc metalloprotease, which has been demonstrated in V. aestuarianus to be sufficient to cause exotoxicity [START_REF] Labreuche | Vibrio aestuarianus zinc metalloprotease causes lethality in the PacificoysterCrassostrea gigas and impairs the host cellular immune defenses[END_REF] and to be necessary for virulence in V. anguillarum [START_REF] Milton | Cloning of a metalloprotease gene involved in the virulence mechanism of Vibrio anguillarum[END_REF]. Moreover, we also found this gene in all V. ordalii genomes (not shown). Hence, as is the case in the Splendidus clade, this zinc metalloprotease may be an ancestral virulence determinant gene that has been preserved through speciation events and that plays an important role in the biology of this clade.

Within the Splendidus clade, all virulent populations share the R5.7/8 gene cluster for which we show this to be ancestrally acquired. Only R5.7 seems necessary for full virulence and complementation assays using the purified R5.7 F12 or R5.7 cras proteins strongly suggest that these conserved proteins interact with the external surface of Vibrio and/or its cellular target in oysters. The injection of the R5.7 protein alone or in the presence of non-virulent Vibrio strains did not affect oyster viability, showing that the protein alone does not have a lethal effect. Finally, a strong genetic linkage between R5.7/8 suggests functional interaction between these exported proteins of unknown function, in a mechanism that remains to be determined.

The R5.7/8 cluster can be present in non-virulent strains demonstrating that this cluster is necessary but not sufficient for virulence. Indeed, we show that an additional locus, the rtxACHBDE cluster, is necessary for full virulence towards oysters in V. splendidus. In other Vibrio species, the toxin MARTX has been demonstrated to work in concert with a cytolysin (in V. vulnificus) and a hemolysin (in V. cholerae), and it has been associated with the severity of infection by contributing to the evasion of innate immune defense [START_REF] Satchell | Multifunctional-autoprocessing repeats-in-toxin (MARTX) toxins of Vibrios[END_REF]. An accessory role of MARTX in virulence might be expected in the shrimp pathogen V. nigripulchritudo [START_REF] Roux | Virulence of an emerging pathogenic lineage of Vibrio nigripulchritudo is dependent on two plasmids[END_REF] since it has been recently demonstrated that a lethal toxin, nigritoxin, is the major virulence factor of this pathogen [START_REF] Labreuche | Nigritoxin is a bacterial toxin for crustaceans and insects[END_REF][START_REF] Goudenege | Comparative genomics of pathogenic lineages of Vibrio nigripulchritudo identifies virulence-associated traits[END_REF]. Among V. splendidus strains, MARTX contains diverse effector domains and only RRSP is shared by all strains. This domain encoding an endopeptidase has been implicated in other species in the cleavage of Ras and Rap1 proteins [46,[START_REF] Biancucci | Substrate recognition of MARTX Ras/Rap1-specific endopeptidase[END_REF]. Importantly these small GTPases play a role as regulatory nodes of intracellular signaling and membrane trafficking, including trafficking of Toll-like receptor 4 (TLR4) that is involved in innate immune response in both vertebrates and invertebrates [START_REF] Luo | Rab8a interacts directly with PI3Kgamma to modulate TLR4-driven PI3K and mTOR signalling[END_REF]. Hence the presence and conservation of a RRSP domain suggest that in V. splendidus, MARTX might be involved in virulence by impairing the host innate immune responses.

The R5.7/8 and rtxACHBDE loci showed differential evolutionary dynamics that indicate distinct selective regimes. The high frequency within virulent populations and mostly vertical transmission of R5.7/8 suggest that it is maintained by positive selection. That three non-virulent populations within the Splendidus clade have lost the gene cluster further suggests that it is involved in niche differentiation at the species level. On the other hand, the rtxACHBDE cluster has been independently acquired by V. splendidus and distantly related other species, and this gene cluster varies in frequency across these species. Moreover, within V. splendidus, and similarly in V. vulnificus [START_REF] Kwak | Vibrio vulnificus rtxA1 gene recombination generates toxin variants with altered potency during intestinal infection[END_REF][START_REF] Roig | Domain organization and evolution of multifunctional autoprocessing repeats-in-toxin (MARTX) toxin in Vibrio vulnificus[END_REF], the composition of the effector domains appears heterogeneous, ranging from 4 to 6 effectors per toxin with only one, RRSP, found in all MARTX vs . In V. vulnificus, such compositional variation has been shown to result from homologous recombination, shuffling effector domains such that different strains within the same species can express variants of the toxins that are likely to have distinct roles in the niche [START_REF] Satchell | Multifunctional-autoprocessing repeats-in-toxin (MARTX) toxins of Vibrios[END_REF][START_REF] Kwak | Vibrio vulnificus rtxA1 gene recombination generates toxin variants with altered potency during intestinal infection[END_REF][START_REF] Roig | Domain organization and evolution of multifunctional autoprocessing repeats-in-toxin (MARTX) toxin in Vibrio vulnificus[END_REF][START_REF] Dolores | Analysis of Vibrio cholerae genome sequences reveals unique rtxA variants in environmental strains and an rtxA-null mutation in recent altered El Tor isolates[END_REF]. Among the diverse MARTX vs , 15 and 22 of 24 share an ACD and ABH domain, respectively. Moreover, 22 of 24 MARTX vs share at least one MCF domain with the MARTX type III of V. vulnificus. Although the functional consequences of this domain variation are not fully understood, the MARTX type III of V. vulnificus appears to play a dual role in eel infection as well as in protection from predation by amoebae by causing the lysis of this grazer [START_REF] Lee | A common virulence plasmid in biotype 2 Vibrio vulnificus and its dissemination aided by a conjugal plasmid[END_REF]. In both V. splendidus and V. vulnificus, the intermittent presence and domain diversity of the MARTX cluster are potential indicators of frequencydependent selection [START_REF] Cordero | Explaining microbial genomic diversity in light of evolutionary ecology[END_REF]. Because MARTX is a very large secreted protein and hence costly to express, we hypothesize that public good dynamics may arise where producers are favored only when low in frequency within the population [START_REF] Jousset | Predators promote defence of rhizosphere bacterial populations by selective feeding on non-toxic cheaters[END_REF]. Additionally, variation in toxin types may arise as a result of the evolutionary arms race between bacteria and predators or host immune system and, hence, is similar to frequency-dependent selection imposed on O-antigen structure or outer membrane proteins [START_REF] Rodriguez-Valera | Explaining microbial population genomics through phage predation[END_REF][START_REF] Seed | Evolutionary consequences of intra-patient phage predation on microbial populations[END_REF][START_REF] Wildschutte | O-antigen diversity and lateral transfer of the wbe region among Vibrio splendidus isolates[END_REF][START_REF] Seed | Phase variable O antigen biosynthetic genes control expression of the major protective antigen and bacteriophage receptor in Vibrio cholerae O1[END_REF].

Our analysis shows that a number of environmental Vibrio populations present a risk of virulence independent of intensive aquaculture settings. Because virulence represents a function encoded in the core genome of these populations, specific markers can be used for risk assessment rather than overall Vibrio abundance, as is frequently the practice. At a minimum, the R5.7/8 gene cluster may be used to indicate overall risk. However, population specific markers will facilitate a more detailed evaluation of the epidemiology of oysters. An important component of such surveys is the determination of population dynamics outside the oyster host to specifically recognize ecological conditions that may trigger population increases and hence risk of infection. Importantly, recent analysis of microbial dynamics in the coastal ocean has shown rapid, near weekly, turnover of communities that are characterized by short-lived blooms of different bacteria and eukaryotes [START_REF] Cleary | High resolution time series reveals cohesive but short-lived communities in coastal plankton[END_REF].

Exploration to what extent such transient communities allow for specific blooms of different Vibrio populations may elucidate whether there are periods of increased risk from multiple co-occurring populations or whether risk is similar across extended periods due to sequential blooms of populations. In support of the former, we previously showed that several virulent populations of Vibrio can cooccur in diseased oysters, e.g., V. crassostreae with V. splendidus or V. chagasii [6]. We identified a plasmid that is present specifically in virulent strains of V. crasssotreae and necessary for full virulence [6]. Here we show that the MARTX gene cluster is involved in V. splendidus virulence and absent from the other virulent populations within the Splendidus clade. An interesting hypothesis to explore in the future is that other virulent populations such as V. chagasii or V. cyclitrophicus carry specific virulent traits. In a context of oyster infection by multiple co-occurring populations, these diverse virulence traits could act synergistically, increasing the vulnerability of the host. Indeed, experimental infections have demonstrated that some strains, belonging to the same [START_REF] Gay | Two Vibrio splendidus related strains collaborate to kill Crassostrea gigas: taxonomy and host alterations[END_REF] or different species [START_REF] Saulnier | A large-scale epidemiological study to identify bacteria pathogenic to Pacific oyster Crassostrea gigas and correlation between virulence and metalloprotease-like activity[END_REF], are moderately virulent when injected into oyster individually, and display heightened virulence in mixed experimental infections. Hence oyster disease may result from microbial interaction within and between populations and should be evaluated as potentially polymicrobial.
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Deletion of R-a R-a-1 GCCCGAATTCGACATATCCCGGTGGTTCAC R-a-2 CCAATAAAGAGAGGAGCCTGGGAAGTTAGTGG GCTTTGTG R-a-3 CACAAAGCCCACTAACTTCCCAGGCTCCTCTCT TTATTGG R-a-4 GCCCGAATTCCAACACACCACCAACCTACG Deletion of R-b R-b-1 GCCCGAATTCCATCGCCCCAGATTTACTGG R-b-2 CACTCGTTATGCTGGTGAGTGGAGTCGTTTGTG TAAAGGG R-b-3 CCCTTTACACAAACGACTCCACTCACCAGCATA ACGAGTG R-b-4 GCCCGAATTCGTGTGGTTACGCCTTCATCG Deletion of R-c R-c-1 GCCCGAATTCCTTGCCGCTCTCGTAGATTG R-c-2 CGATACTTCTGGCTGCCATAGTGAGGCATTGAG CTTTGTG R-c-3 CACAAAGCTCAATGCCTCACTATGGCAGCCAG AAGTATCG R-c-4 GCCCGAATTCCGTCGCGATAAAAGTAACGC Deletion of R-d R-d-1 GCCCGAATTCCCGATTCATCAGAGTTCCAG R-d-2 CAGGGTTACTGGAATTGTCCGCAAAGGTGAGG GTTTCAGG R-d-3 CCTGAAACCCTCACCTTTGCGGACAATTCCAGT AACCCTG R-d-4 GCCCGAATTCGGTAACGTAAACGTGATGCG Deletion of R-e R-e-1 GCCCGAATTCGGGTACTGTGTCACTGTCTC R-e-2 CAACTAGTGCAATGAGAGCCAAGCCAGTCAAT AGACTGGC R-e-3 GCCAGTCTATTGACTGGCTTGGCTCTCATTGCA CTAGTTG R-e-4 GCCCGAATTCCTTGGCATCGCTTCAACACC Deletion of R-f R-f-1 GCCCGAATTCCCTGCATTGCTGAGTCGAAG R-f-2 GAGCCTGAAGCGTATCAGATCCATGCTATGTCG GCCTTTG R-f-3 CAAAGGCCGACATAGCATGGATCTGATACGCT TCAGGCTC R-f-4 GCCCGAATTCCAAGTTACTCTCCCACGGAG Deletion of R-g R-g-1 GCCCGAATTCCTACGCAGCCAACATGCAAC R-g-2 GGCAAAGGCATTTTCACCGTGCCATAAAAAGG CCGACATC R-g-3 GATGTCGGCCTTTTTATGGCACGGTGAAAATGC CTTTGCC R-g-4 GCCCGAATTCTTCGATCTCGATTGGACTGC Deletion of R-h R-h-1 GCCCGAATTCGTGATCCAGCCTTTGTTCAG R-h-2 GATATTCGCGAAGCAGCACCCCTGTTGAGTTGA CAGGAGG R-h-3 CCTCCTGTCAACTCAACAGGGGTGCTGCTTCGC GAATATC R-h-4 GCCCGAATTCCTTTGGAGCTGCGTTCAAAC Deletion of R-i R-i-1 GCCCGAATTCGGTAGTGGCTGATGAAGTTC R-i-2 GCTGCCGTGGTGATATGTATAAAATGTCCCGCA TTAGGCG R-i-3 CGCCTAATGCGGGACATTTTATACATATCACCA CGGCAGC R-i-4 GCCCGAATTCTGGCGCTGTATGACCAAAAC Deletion of R-j R-j-1 GCCCGAATTCGCAGAAGTATGGTAAGTCCC R-j-2 GAAGTACCCAGGGTCGTTTGAATGCCAATACC AAGCGCAG R-j-3 CTGCGCTTGGTATTGGCATTCAAACGACCCTGG GTACTTC R-j-4 GCCCGAATTCCATGCTTTAGGTGCACACGC Deletion of R-k R-k-1 GCCCGAATTCAGACACAGACATCGGCTATG R-k-2 GCATTGAAGTAGGGGACATCGTGAGCAAATAG CGTACCTG R-k-3 CAGGTACGCTATTTGCTCACGATGTCCCCTACT TCAATGC R-k-4 GCCCGAATTCCGTATTGGTGATGTAGCCTC Deletion of R-l R-l-1 GCCCGAATTCCCAGATAACGTAGCAGCAGG R-l-2 GTGCCTACAGTCCGAGTAATAAACAGCCAGCA TAAGGCTG R-l-3 CAGCCTTATGCTGGCTGTTTATTACTCGGACTG TAGGCAC R-l-4 GCCCGAATTCCTGCGCTGTCGTTAGCAAAG Deletion of R-m R-m-1 GCCCGAATTCACCAACCAACGAAAGTGGTG R-m-2 CAAGATGTTACCTCTGCGCTGTGTTGCAGCTTT CATTGGC R-m-3 GCCAATGAAAGCTGCAACACAGCGCAGAGGTA ACATCTTG R-m-4 GCCCGAATTCCACTTCCATAACCTCTGTGC Deletion of R-n R-n-1 GCCCGAATTCCCAAGACACAATCCATCACC R-n-2 CAGTGGTGAAGTTCAGAAGCTATTAGGTGACC TCCCAACG R-n-3 CGTTGGGAGGTCACCTAATAGCTTCTGAACTTC ACCACTG R-n-4 GCCCGAATTCCGACATCGAGAAACTTGGTC Deletion of R-o R-o-1 GCCCGAATTCGTTGCGTTTGCGGTATCAAG R-o-2 CCCGAAGGCTACACTTATTCGACTCTGTGAGCA TGTTTGG R-o-3 CCAAACATGCTCACAGAGTCGAATAAGTGTAG CCTTCGGG R-o-4 GCCCGAATTCATAGTCTATCGTGCTGCAGG Deletion of R-p R-p-1 GCCCGAATTCCCTAATTCAGGATCGCCATC R-p-2 CATACGCTCAGCAGTATTCGCAAGCACGATGA CAGTTGAC R-p-3 GTCAACTGTCATCGTGCTTGCGAATACTGCTGA GCGTATG R-p-4 GCCCGAATTCGGTCAGATCAAAGACCGATG Deletion of R-q R-q-1 GCCCGAATTCGAGACTTCGTGTGTCTCTGC R-q-2 GTGGGCTTTTTAACGTCTGCCTGGTACATTAGC CAGCTTC R-q-3 GAAGCTGGCTAATGTACCAGGCAGACGTTAAA AAGCCCAC R-q-4 GCCCGAATTCGCAATGGAAGAGCAAGACAG Deletion of R-r R-r-1 GCCCGAATTCTTCCTGAACAGTAAGCGGAC R-r-2 GAACATCGATTCTCAGCCTCAATTGGGGAGAG CATTAGGC R-r-3 GCCTAATGCTCTCCCCAATTGAGGCTGAGAATC GATGTTC R-r-4 GCCCGAATTCGGTAGGATGGATGAGGAAAC Deletion of R-s R-s-1 GCCCGAATTCGCATCGAACAATGGGATTGG R-s-2 CGGTATTACCCAACGGAAACGACATAGAGTAA GACCTCGC R-s-3 GCGAGGTCTTACTCTATGTCGTTTCCGTTGGGT AATACCG R-s-4 GCCCGAATTCCTACTTCTCGGCCATCAAAC Deletion of R-t R-t-1 GCCCGAATTCCTAAACAGTACTCAGCGCTC R-t-2 CTCGTATCTAGCTACCCTTCGTAAGCAAGCCAA GCATCAG R-t-3 CTGATGCTTGGCTTGCTTACGAAGGGTAGCTAG ATACGAG R-t-4 GCCCGAATTCGTTCCTACGTGAACTACCAG Deletion of R-u R-u-1 GCCCGAATTCAAGGCTATCGTGCCGCATTC R-u-2 CCAATACTGCCACAAAGTGCATTTGTGCGGAC AACCTACG R-u-3 CGTAGGTTGTCCGCACAAATGCACTTTGTGGCA GTATTGG R-u-4 GCCCGAATTCCCTGAGGTTGACCACGTTCG Deletion of R-v R-v-1 GCCCGAATTCTGAACAAGCGTGTGATCACC R-v-2 GGTAAGGGGTCGACTTTACCGCTCACGCTAAA GTAACCAC R-v-3 GTGGTTACTTTAGCGTGAGCGGTAAAGTCGACC CCTTACC R-v-4 GCCCGAATTCGCACACTATCGACATGACAG Deletion of R-w R-w-1 GCCCGAATTCCACAATGGACAAGTCCCATC R-w-2 GACACTTGTCAGCCAAACACCTTCCATGCCCAA ACTGGAG R-w-3 CTCCAGTTTGGGCATGGAAGGTGTTTGGCTGAC AAGTGTC R-w-4 GCCCGAATTCGCACCGCTAAGTCATCAACC Deletion of R-x R-x-1 GCCCGAATTCCAAGTAATGCGGGACTGGAC R-x-2 CAACCCCAGTTCTCAACAGGGATGTTGCAACG TTACCGAC R-x-3 GTCGGTAACGTTGCAACATCCCTGTTGAGAACT GGGGTTG R-x-
In France, the oyster-farming industry is facing mortality outbreaks that have been rising over the past decades. The death of juvenile oysters has been associated with the presence of a new genotype of the herpes virus, OsHV-1 µvar and several populations of vibrios. Although experimental infection confirmed the virulence of both infectious agents in laboratory condition, knowledge on the complexity of infections occurring in the wild remains limited.

Here, we wanted to explore the role of each of these putative infectious agents in oyster disease.

To study the infectious agents' dynamics leading to oyster mortality, specific-pathogen free (SPF) oysters were naturally infected in Brest oyster-farming area during a mortality event (when seawater temperature >16°C). Cumulative mortalities were recorded on field and viral, total culturable bacteria and Vibrio loads were quantified from ten oysters sacrificed at different intervals throughout the disease development. We found that a rapid Vibrio colonization precedes viral replication and oyster mortality induction. No correlation was found between vibrios and viral load in co-infected animals. However, OsHV-1 load is a proxy to predict if animals will die.

To assess the importance of bacteria in oyster mortality induction, a cohabitation experiment was performed between a batch of SPF oysters infected in the field as "donor" and a SPF "recipient" batch. Cohabitation was made in aquaria in the presence or absence of an antibiotic. We demonstrated that in the absence of bacteria, a high virus load was not sufficient to induce high mortality rate. This result suggests that bacteria play an important role in the induction, transmission and development of oyster disease.

Finally, cohabitation experiments were designed to determine whether oysters carry putative pathogens outside mortality events (seawater temperature < 16°C). First, a cohabitation experiment was conducted between spats coming from natural settlement zones from 6 different geographic origins as "donor" batch and SPF hatched spats as "recipient" batches. 4/6 donor batches were able to induce mortalities in the recipient batches. Detection of OsHV-1 was always correlated with mortalities in donor and recipient batches. A second experiment was performed between adult farmed or wild oysters from different geographical origins as "donors" and juvenile SFP oysters of different ages as "recipients". Only 1/10 set of wild oyster donors expressed mortalities and was able to transmit the disease to the recipients whilst 13/18 donor batches of farmed oysters were capable, suggesting that oysters can host putative pathogens (e.g OsHV1 herpesvirus) without apparent sign of disease. In this experiment on adults, the virus was only detected once in a recipient batch. This last result shows that OsHV-1 does not play a significant role in adult disease and confirms that the disease affecting adult oysters is different from the one killing juvenile oysters.

Overall, this study reveals the importance of vibrios in oyster disease induction and development. Due to its systematic detection in diseased juvenile oysters, the virus OsHV-1 is a good indicator of the disease but it is not sufficient to induce high mortalities. Oysters may act as reservoirs of pathogenic vibrios and disease expression depends on geographical origin, age and farming practices of oysters.

This work is detailed in the article entitled "Crassostrea gigas mortality in France: the usual suspect, a herpes virus, may not be the killer in this polymicrobial opportunistic disease" published in Frontiers in Microbiology in July 2015. In this study, I performed the DNA extraction and hsp60 amplification for sequencing and statistical analyses.

Introduction

The oyster aquaculture industry in France has been shaped by various infectious diseases caused by bacteria, viruses, or parasites [START_REF] Grizel | Introduction into France of the Japanese oyster (Crassostrea gigas)[END_REF]Cochennec et al., 2000;Le Roux et al., 2001). Today, cultivation of the imported species, Crassostrea gigas (Pacific oyster), constitutes the vast majority of oyster farming (Rohfritsch et al., 2013), and diseases affecting this species have been steadily rising over the past decades, threatening the long-term survival of farmed and natural stocks. For example, a syndrome known as "summer mortality" has been affecting oyster production on the west coast of France [START_REF] Samain | Summer Mortality of Pacific Oyster Crassostrea gigas.V e r s a i l l e s : Editions Quae[END_REF]. This syndrome has been associated with an ostreid herpes virus, designated OsHV-1, and bacteria of the genus Vibrio as infectious agents [START_REF] Samain | Summer Mortality of Pacific Oyster Crassostrea gigas.V e r s a i l l e s : Editions Quae[END_REF]. "Summer mortality" is also thought to be influenced by elevated temperature (>19 • C), physiological stress associated with maturation, genetic traits of the host, and aquaculture practices. However, none of these individual factors have been shown to consistently be responsible for the syndrome.

In addition to "summer mortality, " since 2008, juvenile oyster (<12 months) deaths have increased considerably, and current mortality levels range between 60 and 90% (Martenot et al., 2011). These events are more pervasive because they occur at a lower threshold temperature ( 16• C) and geographically extend to all coastal regions in France (Atlantic, Channel, and Mediterranean; Pernet et al., 2012;Petton et al., 2013). This dramatic mortality level coincides with an increase in the detection frequency of herpes virus and with the identification of OsHV-1 variants, the OsHV-1 µvar being the most predominant genotype (Segarra et al., 2010;Martenot et al., 2011Martenot et al., , 2013)). It has been postulated that the variant OsHV-1 µvar is more virulent than the reference strain (OsHV-1) and could be the etiological agent of juvenile mortalities (Segarra et al., 2010;Martenot et al., 2011Martenot et al., , 2013;;Schikorski et al., 2011a,b). However, these assumptions are speculative (to the authors' knowledge, no published data has formally demonstrated that the pathogenicity of OsHV-1 µvar is higher than that of OsHV-1) and await further confirmations. In particular, recent technological improvments in the procedures used to detect the viral DNA load in animal tissues now offer an opportunity revisiting these assumptions. The real-time PCRbased assays recently developed and now widely used as detection tools have been shown to be at least two orders of magnitude more sensitive than earlier quantitative PCR assays (Arzul et al., 2002;Pepin et al., 2008;[START_REF] Martenot | Comparison of two real-time PCR methods for detection of ostreid herpesvirus 1i nt h eP a c i fi co y s t e rCrassostrea gigas[END_REF]. Hence, the determination of the viral DNA quantity in archived samples (collected before 2008) using the older and newer protocols should be performed to verify that the increase of mortality correlates with an increase in virus prevalence. Therefore, it is yet to be determined if the increase in juvenile oyster mortalities since 2008 corresponds to a new disease or to a worsening summer mortality syndrome, emphasizing the need to continue investigating the diversity and functioning of all oyster disease agents. This is particularly important for oyster farming because the only regulation implemented to help the oyster industry to date is based on the hypothesis that juvenile mortalities are due to the emergence of a new disease connected to OsHV-1 µvar. The European Union Regulation (175/2010), implemented in March of 2010, suggests that when the presence of OsHV-1 µvar is detected, disease control measures should be implemented, including the establishment of a containment area to restrict the movement of C. gigas oysters. Thus, demonstrating that the herpes virus is a marker of the disease and/or the unique etiological agent requires further investigations.

Previous research efforts have mainly focused on the viral hypothesis and knowledge on the role of bacteria remains limited. We recently investigated the oyster disease ecology of microdiverse Vibrio genotypes using a new field-based approach (Lemire et al., 2014). We took advantage of recently developed specific-pathogen-free (SPF) juveniles of C. gigas, which become naturally infected when placed in an estuarine environment (Petton et al., 2013). We showed that the onset of disease in oysters is associated with progressive replacement of diverse and benign colonizers by members of a non-clonal but phylogenetically coherent virulent population of Vibrio crassostreae.W h i l et h ed e t e c t i o no fp u t a t i v ep a t h o g e n s( O s H V -1-µvar and V. crassostreae)c o i n c i d e sw i t ho y s t e rd e a t h s ,t h e respective role of each infectious agent in the disease remains unresolved. When oysters are co-infected by the herpes virus and vibrios, one can ask if a synergy between these microbes occurs and, if so, is required to the disease. Finally as the European Union regulation implies the establishment of containment areas of infected oysters their role as reservoirs of pathogens needs to be demonstrated.

In the present study, we investigated the respective roles of herpes virus and vibrios in causing oyster mortality. The first issue we address is the potential for co-infection by the herpes virus and Vibrio spp. in oysters infected in the field. To this end, we use standardized SPF oysters, descendants of a pool of genitors produced in hatchery under highly controlled conditions, in order to decrease the influence of genetic and environmental parameters that could affect the host sensitivity to the disease. SPF oysters represent a suitable model to investigate the role of each pathogenic agent in the disease process, because the vibrio fraction is low in SPF oyster tissue and herpes virus undetected. Second, we investigate whether the quantity of virus and/or Vibrio spp. in infected oysters can be used as a predictor of mortality. Third, we aim at differentiating the roles of Vibrio spp. and the herpes virus as causative agents of the disease. Finally, we investigate the role of oysters as a reservoir of putative pathogens.

Materials and Methods

Specific-Pathogen-Free Juveniles

Wild oyster spats were collected in Fouras (Marennes-Oléron, France) in 2011 and were moved to grow-up areas located at Paimpol and at Aber Benoît (northern Brittany, France) between 2012 until 2014. These animals were exposed to diseases during the spring 2012 and suffered mortality >50% (Petton et al., 2013). In January and in April 2014, 60 individuals were successively transferred to the experimental Ifremer facilities located at Argenton (Brittany, France) and treated by chloramphenicol (8 mg/L) for 5 days prior to maturation conditioning as described previously (Petton et al., 2013). After gamete stripping and fertilization, animals were reared under controlled conditions up to 5 months, or until reaching a mean individual wet mass between 0.5 and 3.0 g. Quantification of the herpes virus was performed by qPCR at the different steps of the SPF production, i.e., from the broodstock at the beginning of their conditioning to the larval and post-larval stages and spats. C). Total mortalities resulting in the field were recorded daily for 57 days (from 7 August 2014 to 3 October 2014). For cohabitationexp er iments,fi el d-exp o sed oysters (i.e., "donors") were brought back to the laboratory and cohabited in a tank with SPF oysters (i.e., "recipients") at 21 • C under controlled conditions of water renewal (Petton et al., 2015). When indicated, chloramphenicol (8 mg/L) was added in tanks every 2 days to remove the cultivable microbiota in the oyster tissues. Alive and dead donors and recipients were daily counted, and dead animals were removed from the tanks.

Natural Infection in the Field and Cohabitation Experiments in the Laboratory

Bacterial Isolation and Identification

Oysters were sacrificed, dissected to remove the digestive gland, and ground in sterile seawater (10 mL/g of wet tissue). The total cultivable bacteria and Vibrio microbiota was quantified (cfu/mg of tissue) using serial dilutions on Marine agar (Difco) and TCBS selective media, respectively. In addition, in two distinct experiments, the hemolymph of 40 field-exposed oysters (8 to 11 July; 25 to 29 July 2014) was non-destructively collected from marked individuals that were held for 10 days in 1-L tanks to identify animals that died or survived. Vibrios isolated from the hemolymph were quantified on TCBS. Randomly selected colonies (∼80/from 4 animals that died after 24 h; ∼80/from 4a n i m a l st h a ts u r v i v ea f t e r9d a y s )w e r er e -s t r e a k e dt w ot i m e s on TCBS, cultivated in Zobell media (4 g/L bactopeptone and 1g / Ly e a s te x t r a c ti na r t i fi c i a ls e aw a t e r ,p H7 . 6 )a n ds t o r e d at -80 • C. For DNA sequencing, purified isolates were grown in Zobell overnight and their DNA was extracted using a DNA extraction kit (Wizard, Promega). The partial hsp60 gene was amplified for all isolates as described previously (Hunt et al., 2008). The PCR conditions were: 3 min at 95 • C followed by 30 cycles of 30 sec each at 95 • C, 37 • C and 1 min at 72 • Cwithafinal step of 5 min at 72 • C. Genes were sequenced using the reverse primer and sequencing was performed by GATC-biotech (https:// www.gatc-biotech.com). The partial hsp60 gene sequences were aligned using Muscle [START_REF] E-Edgar | MUSCLE: multiple sequence alignment with high accuracy and high throughput[END_REF]. Phylogenetic trees were built using PhyML applied to maximum-likelihood algorithm and GTR model as parameters (SPR, γ4, invariant site; Guindon et al., 2010). Reliability was assessed by the bootstrap method with 100 replicates. Circular tree figures were drawn using the online iTOL software package (Letunic and Bork, 2011).

OsHV-1 DNA Quantification

The OsHV-1 DNA was quantified from ground tissues by real time PCR using the SYBR R Green chemistry (Labocea Quimper, France) as described previously (Pepin et al., 2008). The TaqMan R chemistry, previously demonstrated to be more sensitive [START_REF] Martenot | Comparison of two real-time PCR methods for detection of ostreid herpesvirus 1i nt h eP a c i fi co y s t e rCrassostrea gigas[END_REF]wasusedtoquantifytheherpes virus from hemolymph samples (Labéo, Laboratoire Frank Duncombe, Caen, France).

Virulence Studies using Oysters

Bacteria were grown under constant agitation at 20 • Cf o r2 4h in Zobell media. One hundred mL of the pure culture (10 7 cfu) was injected intramuscularly into anesthetized SPF oysters. The bacterial concentration was confirmed by conventional dilution plating on Zobell agar. After injection, the oysters were transferred to aquaria (20 oysters per aquarium of 2.5 L) containing 1 liter of aerated 5 µm-filtered seawater at 20 • C, kept under static conditions for 24 h.

Statistical Analysis

Statistical analysis was performed using the computing environment R Development Core Team. For all statistical comparisons, we first tested normality of distribution. For normal distributions we compared variables using Student's t-test. For non-normal distributions, we compared variables using Wilcoxon rank test and tested correlations using the Spearman correlation coefficient.

Results

Rapid Vibrio Colonization followed by Viral Replication Precedes Oyster Death Specific-pathogen-free oysters were maintained in the field during a disease outbreak. Mortalities began at day 5, increased dramatically until day 15, and then stabilized, reaching a final percentage of 36% cumulative mortalities after day 30 (Figure 1A). The starting concentration of cultivable bacterial microbiota was about 10 3 cfu/mg of oyster-wet tissue prior to deployment in the field (Figure 1B)a n dd i dn o t change significantly after field exposure. However, the vibrio concentration did increase significantly after the first day in the field (p = 0.0001 using Wilcoxon test) and reached a maximum of 10 2 cfu/mg (Figure 1C). After day 15, the vibrio concentration was stabilized to 10 cfu/mg. The ratio of vibrio to total cultivable microbiota was 10 -4 in SPF oysters and 10 -2 in animals maintained under field conditions. The OsHV-1D N Aw a sd e t e c t e da f t e rd a y3a n dt h ea m o u n to fv i r u sD N A reached a maximum of 10 8 genome units (GUs)/mg between days 5-13 (Figure 1D). Surprisingly, at day 15, no viral DNA was detected from the 10 sampled oysters. Finally, from day 20 to the end of the experiment, the viral load was maintained around 10 5 GU/mg. The inter-individual variability in microbial counts was higher during the first 15 days of exposure (Figures 1B-D). No correlation was found between the vibrio concentration and viral load. This result was confirmed by a Spearman's test (p-value ≥ 0.05; R 2 = 0.009). Altogether our results show that while diseased oysters are co-infected by vibrios and virus, the presence of the herpes virus does not seem to influence the infection by vibrios and vice versa.

Oyster Mortalities Correlate with a Higher Quantity of Herpes DNA

We asked whether the quantity of OsHV-1 and vibrios could predict oyster mortalities. In two separate experiments in July 2014, SPF oysters were exposed ton a t u r a ls e a w a t e rf o r8d a y s in the field and then returned to the laboratory before the onset of death. The hemolymph was non-destructively collected from marked individuals, and the oysters were kept in individual tanks in the laboratory to observe the onset of the disease. Mortalities started at day 1, reached 30% (first experiment) or 50% (second experiment) at day 5 and then leveled off (Supplementary Figure S1). The hemolymph sampling did not cause any effect on the mortality rate and disease kinetics as the sampled infected animals showed the same rate of mortality as the unsampled infected animals (Supplementary Figure S1). The quantity of OsHV-1 DNA detected in the hemolymph of animals that died within the first 24 h (Figure 2)w a sf o u n dt ob es i g n i fi c a n t l y higher (up to 4 log units) than in the hemolymph of animals that were still alive after 9 days (pairwise comparison using Wilcoxon rank sum test; p = 0.0008). In contrast, the concentration of vibrios isolated from the hemolymph varied between individuals, FIGURE 2 | OsHV-1 DNA load in naturally infected oysters brought back to the laboratory that died within the first 24 h or were still alive after 9 days. SPF oysters were exposed to natural seawater in the field for 8daysandthenr eturnedtothelaboratory .Thehemolymphwas non-destructively collected from marked individuals, then the oysters were kept in the laboratory to identify animals that died or survived. The OsHV-1 load is expressed in genome unit (GU)/µlo fh emo lymp h(yaxis).

but was not correlated with the mortality occurrence (data not shown).

Previous results have suggested that only a subset of vibrio strains are virulent by experimental infection (Lemire et al., 2014). Here, we investigated the diversity and pathogenicity of vibrios isolated from oysters that died and compared it to the diversity of those that survived. A total of 247 vibrio isolates sampled from the hemolymph of animals that died within the first 24 h and from animals that were still alive after 9 days were characterized by partial sequencing of a protein-coding gene (hsp60). Phylogenetic analysis allowed the grouping of 148/247 isolates into 11 clades (designated from A to K) with a bootstrap value >70% (Supplementary Figure S2). Some of these clades could be matched with named species using type strains: V. ichthyoenteri (A), V. harveyi (B), V. mediterranei (C), V. fortis (D), V. chagasii (E), V. cyclitrophicus (H), V. tasmaniensis (J), V. breoganii (K), and V. crassostreae (I). We did not observe a genotype signature in oysters that died with the first 24 h.

To address the pathogenic potential of individual strains, we used an injection model of infection, which allows for rapid infection in the laboratory (Figure 3). A total of 91 Vibrio strains, isolated in the second experiment (29 July), were injected individually into oysters at a concentration of 10 7 cfu/animal (Figure 3A). The percentages of mortalities induced by strains isolated from the hemolymph of animals that died within the first 24 h and strains isolated from hemolymph of oysters that were still alive after 9 days were not found to be significantly different (Student test, p = 0.2513; Figure 3B). Half of the strains with >50% mortality rates belonged to the hsp60 clade I (Figure 3A) and matched to the phylogenetically coherent virulent population described recently as V. crassostreae (Lemire et al., 2014). Hence, our results show that viral load is sufficient to predict mortalities. The hemolymph was collected from four naturally infected oysters that were still alive after 9 days (turquoise) or four animals that died within the first 24 h (violet) in the laboratory and vibrios were isolated on selective media. (A) Virulence superimposed on the phylogeny of vibrio isolates inferred by maximum likelihood analysis of partial hsp60 gene sequences (experiment 2, 29 July 2014). The outer ring indicates the % of mortalities obtained 24 h after oyster injection (brown bars > 50%; red bars < 50%). The inner ring indicates the origin of the strain, i.e., hemolymph of animal that survived after 9 days (turquoise) versus will die after 24 h (violet). Clades A to I had a bootstrap value > 70% and contain the type strains of V. ichthyoenteri (A), V. har veyi (B), V. m editerranei (C), V. fortis (D),V .chagasii(E), V. cyclitrophicus (H), and V. crassostreae (I). (B) Boxplot representation of oyster mortality rates induced by strains isolated from oysters that will survive after 9days(tur quoise)orwilldieafter24h(violet).Mortalitieswer er ecor dedat24h and expressed in percentage (y-axis). The percentages of mortalities were not found to be significantly different between the two conditions (Student test, p = 0.2513).

In the Absence of Bacteria, a High Load of Herpes Virus is not Sufficient for a Full Expression of the Disease Antibiotic treatments are typically used to investigate the role of bacteria in a specific disease. SPF oysters were exposed to natural seawater in the field and then returned to the laboratory after 10 days (see Material and Methods). These animals (referred to as "donors") were kept together with SPF oysters (referred to as "recipients") in the presence or absence of chloramphenicol for 14 days. In the absence of the antibiotic, donor mortalities started at day 2 and reached a cumulative value of 50%. In comparison, recipients began to die at day 8 and reached a cumulative mortality of 36% (Figure 4A). The antibiotic treatment resulted in a 2-and 4-fold decrease in mortality for donors and recipients, respectively, demonstrating a role of bacteria in the disease transmission and development. While chloramphenicol exposure completely removed the cultivable vibrio microbiota in the oyster tissues (data not shown), no significant effect was observed on the OsHV-1 DNA quantity detected in the donors or the recipients until day 8 (Figure 4B).

Oysters are Reservoirs of Pathogens

The results above demonstrate that oysters can asymptomatically host putative pathogens, raising concern about the role of oysters as pathogen reservoirs. Using a cohabitation experiment, we asked whether oysters carry putative pathogens at temperatures of <16 • C( i . e . ,e x c l u d i n gm o r t a l i t yc o n t e x t ) .F r e n c ho y s t e r sa r e cultivated to the size of "spats, " the point at which they attach themselves to a substrate. These spats originated from natural settlement zones (wild seeds) or were produced in hatchery (hatched seeds). Wild adult oysters (i.e., not farmed) can also be collected from the environment. Hence, we also determined whether the geographic origin, age, and farming of oysters influence the disease(s) transmission.

The first experiment was performed with juvenile oysters originated from wild seed collected in 6 different geographic areas as donors, and 3-months-old SPF hatch oysters as recipients (Table 1). Over the course of the experiment (30 days), the hatched animals did not die on their own (not shown). On the contrary, death occurred in oysters originated from wild seeds collected in four regions (Arcachon, Pertuis Charentais, Bay of Vilaine, and Bay of Brest). In this case, 11/15 batches of juveniles originating from these regions were able to transmit the disease to the recipients. Finally, six batches originating from two regions (Thau and Bay of Bourgneuf) did not show significant mortality rates and did not cause mortality in the recipients. Mortalities always coincided with the detection of OsHV-1 in both donors and recipients. Interestingly, in 7/21 batches of donors, the virus was not detected at the beginning of the experiment but was found at the end of the trial, confirming that a thermal stress in the mesocosm (see Materials and Methods) can be used to highlight viral infection (Petton et al., 2015).

The second experiment was performed with farmed or wild adults (>18 months) sampled from four different geographic areas as donors, and 3-, 6-, and 15-months-old SPF oysters as recipients (Table 2). Only 1/10 sets of wild oysters expressed mortalities and transmitted the disease to the recipients. On the contrary, 13/18 (72%) batches of farmed oysters originating from the four regions showed mortalities and caused the disease in the recipients. A Wilcoxon test confirmed that the farmed animals had a significantly higher death rate and transmitted more of the disease than the wild oysters (p = 0.0007). In all of these cases, the mortality rate was negatively correlated with the age of recipient animals. Interestingly, OsHV-1 was detected only once in the recipients (not shown), suggesting no significant role for the virus in the disease transmetted by adults (Table 2). Altogether, our results demonstrate that oysters are a reservoir of putative pathogens. Only juvenile oysters were shown to carry and transmit a detectable amount of OsHV-1, while adult animals carried infectious agents that are able to induce mortality of juveniles in the absence of the virus.

Discussion

In this study, we investigated the respective roles of herpes virus and vibrios in the juvenile oyster disease by exposing SPF oysters in the field during a disease outbreak. Prior to field exposure, the cultivable fraction of the SPF oyster microbiota was determined to be 10 3 cfu/mg tissue, and a low vibrio presence (≤1c f u / m g )w a sd e t e c t e di nt h e s ea n i m a l s( Figure 1). Hence, these animals represent a suitable model to investigate the role of each pathogenic agent in the disease process, both independently and together.

The limited sensitivity in detecting viral DNA (10 4 GU/mg tissue), prevented the monitoring of initial infection kinetics for the animals. Hence, the detection of viral DNA after 3 days of exposition under field conditions likely resulted from the viral replication culminating at 10 8 GU/mg (Figure 1). While the mortalities stabilized after 15 days, the viral load was maintained at 10 4 GU/mg, and can thus be considered as an asymptomatic carriage. Whether this load corresponds to a latent phase of the virus or to a limited shedding of particles remains to be determined, but our results highlight the interest of our model to explore the herpes virus biological cycle (i.e., latent and lytic cycle; cellular tropism). Whereas previous data correlating the virus load with mortalities have been based on moribund animal sampling (Sauvage et al., 2009;[START_REF] Oden | Quantification of ostreid herpesvirus 1 (OsHV-1) in Crassostrea gigas by real-time PCR: determination of a viral load threshold to prevent summer mortalities[END_REF], we performed a non-destructive collection of hemolymph and showed that viral DNA quantification (>10 7 GU/mg) can predict the mortalities of juvenile oysters (Figure 2). However, when using an antibiotic treatment, we also demonstrated that in the absence of bacteria, a load of herpes virus ≥10 8 GU/mg is not sufficient to induce oyster mortalities in a range classically ascribed to this disease (Figure 4). These results suggest that viral replication may be a consequence rather than the cause of the disease. Recently, Green and Montagnani (Green et al., 2014)o b servedt h atap o lyI:Ct r eat men tdec r easest h eO sHV -1 Having shown that oysters are naturally co-infected by the herpes virus and vibrios, we next ask if a synergy between these microbes is fundamental to the disease. In a first scenario, oysters infected with herpes may be more susceptible to subsequent Vibrio infection. However, this hypothesis is contradicted by the fact that we did not observe a correlation between the herpes load and vibrio concentration at the individual level. In as e c o n ds c e n a r i o ,o y s t e r si n f e c t e dw i t hVibrio may be more susceptible to herpes replication. However, as in antibiotic treated oysters the viral load is similar to that of untreated animals (Figure 4), this scenario seems also to be unlikely. In any case, diseased oysters that are co-infected by several putative pathogens (virus and bacteria) should sustain much greater losses.

Since we aimed at differentiating the roles of Vibrio spp. and the herpes virus as causative agents of oyster deaths, we used an antibiotic treatment and highlighted an essential role of bacteria in the disease process (Figure 4). As chloramphenicol treatment is not restricted to vibrio, the next step will be to demonstrate that vibrio(s) is (are) the causative agent(s) of the death. We observed that the quantity, genotype and virulence of vibrios (determined by the injection of single strain) cannot predict the mortalities (Figure 3). Our results seem to contradict a recent study that describes the microbial communities in oysters challenged by a virulent vibrio strain (Lokmer and Wegner, 2015). Lokmer and Wegner found that dead and moribund oysters displayed signs of community structure disruption characterized by a very low diversity and proliferation of few taxons. However, their analysis used barcoded 16S rRNA 454 amplicon sequencing, the genetic resolution of which is not fine scale enough to analyze the vibrio diversity. Furthermore, the bacterial challenge was based on single strain injection, which does not capture the complexity of infection within the natural environment as described in the present study. We previously hypothesized that Vibrio diversity may have significance in the disease onset. In a first study we showed that heightened virulence is observed when combination of virulent strains are used in experimental infections, suggesting that virulence of vibrio results from a combination of factors, each associated with different strains within the population (Gay et al., 2004). More recently, we demonstrated that naturally infected oysters initially contain a large proportion of nonvirulent strains, and that these are progressively replaced by a virulent population that comprise ∼50% of the bacterial isolates at the peak of mortality (Lemire et al., 2014). We suspected that this result reflects a contribution of the non-virulent strains to the development of disease. We further demonstrated that the presence of non-virulent bacteria dramatically increases the virulence of a virulent strain at low doses. Thus, non-virulent strains must have some features that contribute either directly or indirectly to the pathogenicity of virulent isolates. In the future we will investigate the significance of Vibrio population assembly in diseased oysters with emphasis on cooperative behavior and weapons sharing that may be an important feature of the disease.

From the data collected in this study, the oyster physiology seems to be a key feature of this disease. We observed that when oysters are naturally co-infected by the herpes virus and pathogenic vibrios, only 30% to 50% of animals died. This suggests that viral replication and/or the vibrio's pathogenic effect depends on oyster susceptibility. This susceptibility may result from environmental factors (acquired susceptibility) and/or genetic traits (innate susceptibility). It may implicate the physiology of the animal itself and its associated microbial communities (Lokmer and Wegner, 2015). It has been demonstrated that resistance toward oyster juvenile disease has a genetic basis (Huvet et al., 2004;Segarra et al., 2014). More recently, Wendling and Wegner suggested that a simple genetic resistance mechanism of the oyster is matched to a common virulence mechanism shared by sympatric Vibrio strains (Wendling and Wegner, 2015). In the future, we will investigate the genetic bases of oyster susceptibility to the vibrio isolated in the present study.

Both adult and juvenile oysters were shown to act as reservoirs of pathogens which were able to induce mortalities of young animals. Only the juveniles were demonstrated to transmit the herpes virus. This suggests that the diseases transmitted by the juveniles or by the adults are distinct. However, it also demonstrates that the virus infection is not a prerequisite for juvenile mortality outbreaks. Farmed animals seem to present more risk of disease transmission than wild animals. In addition, the geographic origin of oysters influences the carriage of pathogen. Though our data suggest that some farming zones are less infected than others they also indicate that movements of animals between ecosystems are very noxious in terms of diseasespreading. Beyond the environmental factors that are known to potentially influence mechanisms of disease transmission in marine systems, i.e., hydrodynamics, biomass of infected animals (Petton et al., 2015), identifying other potential reservoirs of pathogens and the source(s) of the disease is a future avenue to qualify infected vs. non-infected areas.

FIGURE S2

II.B Vibrio crassostreae, a benign oyster colonizer turned into a pathogen after plasmid acquisition

The previous studies show that some populations of vibrios are virulent and suggest a role of vibrios in oyster juvenile mortality events. Due to filter-feeding mode of nutrition, it has been suggested that Vibrio assembly in oyster is neutral, meaning that the population structure within oysters reflects that of the surrounding seawater (Wendling et al., 2014). However, in this study, phylogenetic and ecological resolution was not sufficient to discriminate ecological populations and the sampled site was exempt of mortality events. Here, we ask: i) to what extent are oysters passively colonized by Vibrio populations present in the surrounding water, (ii) how populations turn over during pathogenicity events?

We compared population structures of vibrios between the seawater column and oysters to explore the hypothesis of neutral association and/or population shift during a disease event.

We performed two samplings in spring (no oyster mortality) and two in summer (during mortality events) and isolated 1635 strains. Phylogeny of these strains on a marker gene coupled with the use of AdaptML, an evolutionary model that groups strains sharing the same ecological preference, allowed the identification of 24 ecological populations. Spring samples were dominated by V. splendidus-related populations, but no mortality was recorded in spring, suggesting that other factors, biotic and/or abiotic, are necessary for oyster disease induction. Summer samples showed a much higher diversity, with various populations associated with diseased oysters. Overall, most populations are found both in seawater and in oyster, suggesting a neutral association. Nevertheless, 10 out of 24 of them were unequally distributed, showing a specific association with oyster. Among them, we found notably V. crassostreae, V.splendidus (2 populations) and V. tasmaniensis (2 populations).

Interestingly, among them, only V. crassostreae was detected in each oyster sampled during mortality events at a high abundance and was nearly completely absent from healthy oysters sampled in spring and in seawater. Additionally, this population was the only one positively associated with oyster hemolymph; suggesting an ability to escape host immunity and to survive in such a hostile niche. Dynamics of V. crassostreae suggests that it plays a major role in oyster mortality. While all members possess the R5-7/8 gene cluster (see chapter I), we found few V. crassostreae strains with low virulence, confirming previous data that showed that R5-7/8 is necessary but not sufficient for virulence. Furthermore, virulence of some strains could be reduced after lab-handling; suggesting an involvement of a plasmid in virulence. We thus explored this hypothesis by comparing extrachromosomal DNA content of virulent or nonvirulent strains and found that a large plasmid was only detected in the first group. This plasmid was named pGV1512. Thereafter using a larger collection of strains, we showed that pGV1512 presence was strongly correlated with strain virulence potential. Plasmid curing decreased mortality induced by V. crassostreae. whilst transferring it back to the cured strain restored its virulence, thus demonstrating its role in virulence. On the other hand, competition assays showed that a strain carrying the plasmid did not outcompete the cured one. Colonization assay further confirmed that V. crassostreae, with or without pGV1512, survived more successfully in oyster than a population showing a neutral association with oyster and seawater (V. cyclitrophicus). Hence, the ability of V. crassostreae to colonize and survive within oyster hemolymph is likely encoded by core genome genes In our infection model, it appears that V. crassostreae is a benign colonizer and that plasmid invasion within this population dramatically increases the virulence. As the plasmid is detected in the majority of strains isolated from farmed oyster and seems absent from its closest phylogenetic neighbor isolated in the US (V. sp. nov. 12 in chapter I), we could question if oyster farming led to the selection of pGV1512 and therefore a high prevalence of the plasmid in this environment. Future research will therefore focus on whether the virulence plasmid is specifically enriched in populations associated with diseased oysters and the underlying mechanisms of virulence of this plasmid will be further explored.

This work is detailed in the article entitled "Vibrio crassostreae, a benign colonizer turned into a pathogen after plasmid acquisition" published in the ISME journal in April 2017. In this study, I made the infection assays, the mutagenesis of the different regions of the plasmid pGV1512, the strain curing and labelling and the colonization and competition assays.

I also performed the statistical analyses.

Introduction

Disease in aquaculture systems has been steadily rising over the past decade, in many cases threatening the l ong-term survi val of commerci al and natural stocks (L e Roux et al ., 2015). A w el l -documented exampl e i s successi ve mass mortal i ti es of j uveni l e oysters (Crassostrea gigas) i n France i n whi ch bacteri a of the genus Vibrio have been i mpl emented (Petton et al ., 2015b). A previ ous study demonstr ated that the onset of di sease i n oysters coi nci des wi th progressive replacement of diverse benign colonizers by members of a phyl ogeneti cal l y coherent vi rul ent popul ati on (L emi re et al ., 2015) that was assi gned to the previously characterized species Vibrio crassostreae (Faury et al ., 2004). However, how pathogen popul ati ons assembl e i n oysters from the envi ronment remains poorly understood yet is important both for understanding of disease outbreaks and devising appropri ate moni tori ng tool s (L e Roux et al ., 2016).

Because oysters are filter feeders they are intricately connected to the microbial communi ty in the water column; however, colonizati on may be a multifactorial process. Oysters pump water through their gills (up to 7.3 l h -1 g -1 dry tissue weight; Cognie et al., 2003), which act like a sieve capturing food particles in the opti mum range of 5-10 μM.V i b r i o sa t t a c h e dt o particulate organic matter or larger organisms may therefore have a hi gher probabi l i ty of contact and infection [START_REF] Froelich | Vibrio vul ni fi cus i ntegrati on i nto mari ne aggregates and subsequent uptake by the oyster, Crassostrea vi rgi ni ca[END_REF]. In addition, the gill epi thel i um and i ts associ ated mi cr obi ota may constitute a fi rst l i ne of defense agai nst vi bri os by produci ng anti mi crobi al pepti des that consti tute a chemi cal barri er i n the col oni zati on process (Destoumi eux-Garzon et al ., 2016;L okmer et al ., 2016;Pal es Espinosa et al., 2016). Finally, as oysters have a semi -open ci rcul atory system, the hemocytes (or oyster i mmuno-competent cell s) are not confi ned to the bl ood vessel s but can i nvade or resi de i n mul ti pl e other ti ssues [START_REF] Bachere | The new insights into the oyster anti mi crobi al defense: cel l ul ar, mol ecular and genetic view[END_REF]. Hence al though oyster may take up vi brios from seawater at hi gh rates, mechani cal , chemi cal and cel l ul ar sel ecti vi ty may influence the assembly of Vibrio populations in oyster ti ssues.

Ak e yq u e s t i o ni st ow h a te x t e n to y s t e r sm i r r o r Vibrio population structure in the water, and if pathogenic populations first bloom in the water or reproduce more specifically in oysters (Le Roux et al ., 2016). T hese questi ons can be addressed by combining a population genetic framework with ecological sampling. Previous work has shown that vibrios are differentiated into closely related but differentially distributed populations (among organi c parti cl es, l arger organi sms or free-l i vi ng) i n the same water sampl es (Hunt et al ., 2008;Szabo et al ., 2012). T hi s approach has enabl ed the study of population assembly in various marine animals including mussels for which it was shown that population frequencies in the water resembled those in mussels, likely due to passive transfer by filterfeeding (Preheim et al., 2011). Similarly, neutral associ ati on w as al so suggested for vi bri os and C. gigas (Wendling et al., 2014) although in this study phyl ogeneti c and ecol ogi cal resol uti on may not have been sufficient to delineate ecological and/ or vi rul ent popul ati on. In addi ti on, the sampl i ng si te was not affected by mass mortality events (Watermann et al ., 2008). Hence, i t remai ns poorl y understood to what extent (i) oysters mirror Vibrio population structure in the water and (ii) populati ons turn over duri ng pathogeni ci ty events.

Here we address the above problem by using specific pathogen free (SPF; Petton et al., 2013Petton et al., , 2015a, b) , b) oysters i n a fi el d-based approach to investigate the disease ecology of Vibrio populations in an oyster farming area. SPF oysters are descendants of a pool of genitors raised under controlled condi tions and shown to have o 1 c.f.u. of vibrios per mg ti ssue. T hese oysters were depl oyed i n the envi ronment to moni tor V i bri o popul ati on assembl y before and duri ng di sease events. Oyster-associ ated vibrios are analyzed in the context of a metapopulati on framework, that i s, by consi deri ng potenti al overl ap or di fferences i n popul ati ons col l ected from spati al l y and temporal l y di sti nct habi tats, whi ch are connected by dispersal. Our analysis reveals that several popul ati ons of V i bri o were preferenti al l y associ ated w i th speci fi c oyster ti ssues. A mong these, V. crassostreae is particularly abundant in diseased ani mal s and i ts pathogeni ci ty i s correl ated w i th the presence of a large mobilizable plasmid. We further demonstrate that although the plasmid is essential for killing it is not necessary for survival in the host. Our results suggest that V. crassostreae first differenti ated i nto a beni gn oyster commensal that secondari l y turned i nto a pathogen by i nvasi on of a virulence plasmid.

Materials and methods

Oyster natural infection

We developed a natural infection scheme to mimic disease progression in the environment by deploying SPF oysters (Supplementary M ethods) and monitoring disease outbreak. A s previous work has demonstrated that the di sease occurs beyond a temperature threshold of ~16 °C (Petton et al., 2015a), we tested infection at two time points in the summer (4 16°C) and, for compari son, tw o ti me poi nts i n spri ng (o 16 °C). T o di fferenti ate oysters i nfected wi th the primary disease-causing agent from moribund animal s that mi ght suffer from secondary opportuni sti c infections, we divided the deployed SPF oysters into 'sentinel ' and 'experimental' specimens. Each experi ment w as i ni ti ated by transferri ng a set of senti nel SPF oysters (n =200) to the farming area. After 2 days, a set of 'experimental' SPF oysters (n =200) was placed in the farm next to the sentinel oysters. Theviability of 'sentinel' animals was recorded daily and at the fi rst observati on of oyster mortal i ty ( 16July and 29 July 2014), the 'experimental' batch was returned to the laboratory to (i) allow development of the di sease i n tanks at 21 °C (previ ousl y shown to al l ow the di sease to proceed more rapi dl y (L emi re et al ., 2015)) and (i i ) to i sol ate vi bri os from oysters (n =8). In the l aboratory tanks, the cumul ati ve mortal i ty reached 50% after 5 days, si mi l ar to the observed mortal i ty for 'senti nel ' oysters l eft i n the fi el d for one month. T hese resul ts confi rmed that the batches of oysters transferred to the l ab were affected by the di sease. I n spri ng, the sampl i ng dates (17 M arch and 5 M ay 2014) correspond to 15 days of incubation of 'experimental' oysters in the field. No mortal i ty was observed for the 'senti nel ' ani mal s after one month i n the fi el d and for the 'experimental ' ani mal s mai ntai ned i n l aboratory tanks at 21 °C for 15 days.

Oyster and seawater sampling On each sampling date, hemolymph was collected from eight 'experimental' living oysters (Suppl ementary M ethods). T he ani mal s were then dissected to collect the gills, digestive gland and remaining tissues and each tissue was ground separatel y i n steri l e seawater. On each sampl i ng date, seawater was also collected at high tide and si ze fracti onated. T o col l ect zoopl ankton, l arge phytoplankton and organic particles, a 50 l sample was filtered through a 60 μmp l a n k t o nn e ta n dt h e collected material subsequently washed with sterile seawater. Smal l er organi c parti cl es and free-l i vi ng bacteri al cel l s were col l ected from 0.1 to 0.5 ml water sampl es pre-fi l tered through the 60 μmpla nktonne t and sequenti al l y fi l tered through 5, 1 and 0.22 μm pore size filters. A ll fractions were collected in four replicates.

Bacterial isolation and gene sequencing The 5, 1 and 0.22μmfilt e rswe redire ct lypla ce do n Vibrio selective media (thiosulfate-citrate-bile saltssucrose agar, T CBS) (Suppl ementary M ethods). T he hemolymph was directly streaked onto TCBS plates. The zooplankton/large particle fractions and oyster ti ssues (gi l l s, di gesti ve gl and and remai ni ng ti ssues) were ground in sterile seawater (10 ml g -1 of wet ti ssue) and streaked on T CBS. A bout 50 col oni es per seawater fractions and 100 colonies per type of oyster ti ssue were randoml y pi cked, re-streaked fi rst on T CBS and then Zobel l agar (15 g l -1 agar, 4 g l -1 bactopeptone and 1 g l -1 yeast extract in artificial seawater, pH 7.6). A l l i sol ates were genotyped by hsp60 partial gene sequence and stored in 10% DM SO at -80 °C (Suppl ementary M ethods). A total of 1635 hsp60 sequences were obtai ned from the four experi ments (Suppl ementary T abl e 1).

Population structure analysis

We first placed the isolates' hsp60 sequences in a taxonomi c framework usi ng the software ppl acer (M atsen et al ., 2010). A reference phyl ogeny was constructed based on 60 Vibrionaceae type strai ns and each hsp60 retri eved i n thi s study w as pl aced onto thi s reference tree. A ccordi ng to thei r posi ti on in the reference tree, hsp60 sequences received a taxonomi c affi l i ati on rangi ng from the genus to the speci es l evel . T hi s resul ted i n the assi gnment of 1148/ 1635 i sol ates to 23 di fferent speci es (taxon A to W; Supplementary Figure 1) whereas the others were unknown species. For one representative strain of each i denti fi ed taxon, the assi gnment w as confi rmed by mul ti l ocus sequence typi ng usi ng three addi ti onal protein-coding genes (rpoD, gyrB and rctB) (Suppl ementary T abl e 2).

Secondly, we partitioned the isolates according to thei r geneti c and ecol ogi cal si mi l ari ti es usi ng the mathemati cal model i mpl emented usi ng the software AdaptML, which applies a Hidden Markov Model to delineateecologically distinctgroupsbased on geneti c rel atedness and si mi l ari ty i n envi ronmental associ ati on (H unt et al ., 2008). T he fol l ow i ng envi ronmental categori es w ere consi dered i n the anal ysi s: (i ) the sampl e categori es: 4 60 μM;6 0 -5μM; 5-1 μM;1 -0 . 2 μM seawater fracti ons and oyster ti ssue, and (i i ) the season: spri ng and summer. We decided to merge the different oyster compartments as too many ecol ogi cal categori es mi ght yi el d spuri ous resul ts. U si ng a col l apse threshol d of 0.5 and convergence threshol d of 0.001, w e consi stentl y and reproduci bl y obtai ned the hi ghest number of non-redundant projected habitats. Finally, only ecol ogi cal popul ati ons show i ng an empi ri cal si gni ficance threshold of 99.999% and composed of at least 10 strains were further considered (Preheim et al., 2011).

Statistical analyses were performed using the computing environment R (R Core T eam, 2016). T o validate the ecological preferences of populations and study the di stri buti on of popul ati ons among oyster ti ssues and hemol ymph, Fi sher-exact tests were performed with a 2x2 contingency table for each popul ati on i n each i sol ati on fracti on. Si gni ficance was assessed using P-value⩽ 0.05. Stati sti cal anal ysi s of popul ati on di stri buti on i n oyster ti ssues was tested using the parametric test of ANOVA (anal ysi s of vari ance) as the data fol l owed a normal distribution (Shapiro-Wilks test P ⩽ 2.2e-16) and homoscedasticity (Bartlett test P =0.66).

Molecular microbiology

The strains and the strains and plasmids used and constructed in the present study are described in Supplementary Tables 3 and4. Vibrio isolates were grow n i n Z obel l br oth or agar (4 g l -1 bactopeptone and 1 g l -1 yeast extract in artificial seawater, pH 7.6), Luria-Bertani (LB) or LB-agar (LBA)+NaCl 0.5M, at 20 °C. Escheri chi a col i strai ns w ere grow n i n L B or on L BA at 37 °C. Chloramphenicol (5 or 25 μgml -1 for Vibrio and E. coli, respectively), spectinomycin (100 μgml -1 ), thymi di ne (0.3 mM)a n dd i a m i n o p i m elate (0.3mM)w e r ea d d e da ss u p p l e m e n t sw h e n necessary. Induction of the P BA D promoter was achi eved by the addi ti on of 0.2% L-arabi nose to the gr ow th med i a, an d con ver sel y, w as r ep r essed by th e addi ti on of 1% D-gl ucose.

For the colonization and pairwise competition assays, a hi gh-copy-number pl asmi d (pM RB ), w hi ch is stably maintained in vivo without selection (Rui et al ., 2010;L e Roux et al ., 2011) w as used to introduce green or red fluorescent protein (GFP or RFP) constitutively expressed from the P LAC promoter i nto the V i bri o strai ns. A l ternati vel y, the P LAC -gfp and Cm R cassettes were integrated in non-essential chromosomal genes (transposases orfA and B) using pSW3654, a R6K γ-ori-based suicide vector, as described previously (Duperthuy et al., 2011).

For the pGV1512 mobilization experiment, we gen er ated a d on or con tai n i n g a C m R marked versi on of the pGV1512 (pGV 1512::Cm R ). T o thi s end, a 500bp fragment of pGV 1512 (transposase fragment, position 90 957 to 91 768 in J5-20) was PCR amplified using Primer pGV1512-1 and 2 (Supplementary Table 5) and cloned in pSW23T (Demarre et al., 2005). A fter conjugati ve transfer, sel ecti on of the plasmid-borne drug marker (Cm R )r e s u l t e df r o m integration of pSW23T in the pGV1512 plasmid by as i n g l ec r o s s o v e r .T h i ss t r a t e g yw a sa l s ou s e dt o stabi l i ze the pGV 1512 i n Δcus/cop and ΔT4SS mutants as we observed that the del eti on of these operons i nduces a hi gher frequency of pGV 1512 l oss. To generate the recipient, we introduced a Spec R cassette in a chromosomal locus (ΔR1::Spec R )b y al l el i c exchange as descri bed previ ousl y (L emi re et al ., 2015).

For plasmid curing, the 500-bp fragment of the pGV1512 described above was cloned in pSW7848T plasmid (Val et al., 2012). This pSW23T derivative vector encodes the ccdB toxin gene under the control of an arabi nose-i nduci bl e and gl ucose-repressi bl e promoter, P BA D (L e Roux et al ., 2007). Sel ecti on of the plasmid-borne drug marker on Cm and glucose resulted from integration of pSW7848T in the pGV1512 plasmid by a single crossover. Elimination of the recombi nant pl asmi d was sel ected by arabi nose i nducti on of the ccdB toxi n gene. A fter several re-i sol ati ons, the curi ng of the pl asmi d was confirmed by PCR using primers pGV1512-1 and 2.

Deletion of selected regions was performed by al l el i c exchange usi ng the same pSW 7848T sui ci de plasmid (Le Roux et al., 2007). To this end, two 500 bp fragments fl anki ng the regi on to del ete were amplified and cloned into pSW7848T (Suppl ementary M ethods). Subsequentl y, the fi rst and second recombi nati on l eadi ng to pSW 7848T integration and elimination was selected on Cm +gl u c o s e a n d a r a b i n o s e m e d i a r e s p e c t i v e l y .

Matings between E. coli and Vibrio were performed at 30 °C as described previously (Le Roux et al ., 2007). M ati ngs betw een vi bri os w ere performed by mixing the donor (pGV1512::Cm R )a n d recipient (for example, ΔR1::Spec R )a tar a t ioo f1 /1 on L BA +NaCl 0.5 M and i ncubati ng at 20 °C for 24 h. Plasmid extraction, detection and annotation Strains were screened for plasmid presence by using gel el ectr op h or esi s of DN A th at h ad been extr acted using a modified NucleoBond plasmid purification kit (Takara-Clontech Bio Inc., Mountain View, CA , USA) (Xue et al., 2015). The pGV1512 identification was then confirmed by Southern blot using a Digoxigenin-labeled probe (transposase fragment, position 90 957 to 91 768 in pGV1512 of J5-20) (Roche Di agnosti cs, M eyl an Cedex, France) according to the manufacturer's instructions. The detection of the pGV 1512 from a l arger col l ecti on of strai ns was performed by PCR using the primer pGV1512-1 and 2. T he pGV 1512 pl asmi d found i n V i bri o crassostreae J5-20 was annotated using the M aGe software (M agni fyi ng Genome, (V al l enet et al ., 2013) (http:/ / www.genoscope.cns.fr/ agc/ mage) and deposited at Genbank under the accession number KX765275.

Experimental challenge

To determine virulence of isolates, bacteria were gr ow n u n d er con stan t agi tati on at 20 °C f or 24 h i n Zobell media. One hundred microliters of the culture (10 6 c.f.u.) were injected intramuscularly into oysters. T he bacteri al concentrati on was confi rmed by conventi onal di l uti on pl ati ng on Zobel l agar. After injection, the oysters were transferred to aquari a (20 oysters per 2.5 l aquari um) contai ni ng 1l of aerated 5μm-fi l tered seawater at 20 °C, kept under static conditions. Experiments were performed in duplicate and mortality was assessed after 24 h. F or col oni zati on and competi ti on experi ments, a pure culture or a mix (1:1) of GFP-labeled wild type to RFP-labeled mutant or reciprocally RFP-labeled wild type to GFP-labeled mutant were injected into oysters (10 5 c.f.u. per animal , that is, sub-lethal dose) or added to the oyster tank (10 7 c.f.u. ml -1 ). Hemolymph was collected after 24h, serial diluted and spread on L B-agar (L BA )+N aCl 0.5 M suppl emented with Cm.

Results

Population structure and dynamics To compare the Vibrio population structure in seawater and oyster ti ssues, a total of 1635 strai ns were isolated in spring and summer and genotypes identified by protein-coding gene sequencing. Mathemati cal model i ng taki ng i nto account phyl ogeneti c and ecol ogi cal structure parti ti oned these strai ns into 24 putative populations (Figures 1a andb). Most are w el l resol ved al though w e note that predi cti ons within the large V. splendidus clade (#13 to 22) mi ght be unstabl e due to hi gh-sequence and habi tat similarity (Preheim et al., 2011). Overall, the populati on structure of V i bri o was strongl y i nfl uenced by season of i sol ati on, wi th the 24 popul ati ons showi ng strong associ ati on wi th ei ther spri ng or summer (Fi gures 1 and 2). A l though the spri ng sampl es are dominated by V. splendidus related populations (#13 to 22), di versi ty of popul ati ons was much hi gher i n summer sampl es. M any of the popul ati ons, i ncl uding the dominance of V. splendidus in spring, were al so found at a si te on the N ortheastern U .S. coast experi enci ng si mi l ar temperature regi mes (H unt et al., 2008;Preheim et al., 2011;Szabo et al., 2012). M oreover, as i n thi s previ ous work (Szabo et al ., 2012), several popul ati ons w ere abundant onl y on a si ngl e sampl i ng date ((for exampl e, 5 M ay: Vibrio sp. # 9; 29 July: V. chagasii # 3) Figure 2) suggesti ng short-l i ved popul ati on expansi ons. A s these popul ati ons were found i n both seawater and oysters thi s observati on furthermore suggests a gen er al l y h i gh con n ecti vi ty betw een oyster s an d thei r envi ronment.

Populations positively associated with oysters and pathogenicity Although thecomparison of population frequency in the water and oyster sampl es suggested l i ttl e di scrimination for many populations, some were unequally distributed (Figures 1b and2) suggesting the potenti al for speci fi c enri chment wi thi n oysters.

To address this hypothesis we compared the relative abundance of the 24 popul ati ons i n ani mal s and seawater fracti ons usi ng F i sher-exact and odds-rati o tests (Suppl ementary T abl e 6; Suppl ementary Figure 2). Theanalysis revealed a significant positive correlation between oysters and 10 of 24 populations (V . harveyi #5, V . crassostreae #11, V . spl endi dus #1 7 a n d 1 9 , V . t a s m a n i e n s i s # 2 3 a n d 2 4 , V i b r i o s p p . #6 , 7 , 8 , 1 2 ) ( S u p p l e m e n t a r y T a b l e 6 , i n b o l d ; Supplementary Figure 2E). However, of these, only V. crassostreae showed a negative association with al l seaw ater fracti ons (Suppl ementary T abl e 6). T hi s suggests that V . crassostreae i s the onl y popul ati on speci fi cal l y associ ated wi th oysters si nce al l others al so occur i n seaw ater fracti ons at consi derabl e frequency and their enrichment (#2, 10, 13 to 16 and 22) or depl eti on i n oysters (#1) may si mpl y refl ect preferential retention or exclusion.

To further test to what extent oysters represent a speci fi c habi tat for some V i bri o popul ati ons, we compared their di stribution among gills, digestive gl an d s an d h emol ymp h (S u p p l emen tar y T abl e 7). Among the populations positively associated with oysters (Suppl ementary T abl e 7, i n bol d), three (V. crassostreae #11 and Vibrio sp. #6 and 8) show as ig nifica ntpos itivea s s ocia tionwithg illsa ndonly one (V. crassostreae) wi th hemol ymph. T hi s resul t further supports that V. crassostreae is specifically adapted to survi ve w i thi n oysters si nce the ci rcul atory system represents a hosti l e envi ronment as it is well defended by the immune system, which V. crassostreae must therefore be able to overcome.

Because we structured our sampling to span the previously determined temperature threshold for onset of the disease (~16 °C) (Petton et al., 2015a), we were able to observe population changes associated with outbreak of the disease (Figure 2). No mortal i ti es were observed i n spri ng (o 16 °C), whereas 50% cumulative mortalities were detected in summer (4 16°C) (see materials and methods). Diverse populations infected diseased oysters: however, onl y V . crassostreae w as consi stentl y found i n al l ani mal s at a hi gh rel ati ve abundance (F i gure 2) and w as rarel y detected i n oysters col l ected i n spri ng. T hese envi ronmental dynami cs strongl y support the previ ous hypothesi s that V . crassostreae is the etiological agent of oyster disease (Lemire et al ., 2015) w hi ch w e further test bel ow .

V. crassostreae pathogenicity is dependent on a large mobi l i zabl e pl asmi d Although previous work has suggested that all strai ns wi thi n V . crassostreae are vi rul ent (L emi re et al ., 2015), our expanded sampl i ng suggests that onl y a subset of the popul ati on i s i n fact so. Pathogenicity was established for all of 12 V. crassostreaeisolates from diseased oysters leading to the hypothesi s that vi rul ence i s a functi on encoded by the core genome (L emi re et al ., 2015). In contrast, here we find by using a larger collection of strai ns (n =196) i sol ated from both oysters and seawater that onl y 75% appeared vi rul ent (i nduci ng 45 0 % m o r t a l i t y ) w h i l e t h e r e m a i n d e r i n d u c e d o2 0 % m o r t a l i t y . I n p a r a l l e l w e o b s e r v e d t h a t handling a V. crassostreae strain (J2-9) in the laboratory resulted in reduced virulence (data not shown). T hi s l ed to the changed hypothesi s that virulence determinants are carried by a mobile gen eti c el emen t.

To test this hypothesis, we first investigated the presence of extra-chromosomal DNA in eight V. crassostreae strains (four virulent and four nonvirulent) by DNA electrophoresis. This showed a large replicon specific to virulent strains (Suppl ementary Fi gure 3A ). Second, the search for plasmid genes (parA/B, repB and tra) in available gen ome sequ en ces of V . cr assostr eae, f ol l ow ed by manual scaffol di ng l ed to the assembl y of a putati ve gap p ed sequ en ce f or th e str ai n J 5-20 (178 k bp ) further confirmed by PCR (Figure 3a). This plasmid was then identified in all virulent strains with a sequence i denti ty of 99.4% i n the common regi ons (Fi gure 3a). Fi nal l y, the exi stence of the repl i con detected by gel staining was confirmed by Southern bl ot (Suppl ementary F i gure 3B). T hi s pl asmi d was successful l y detected i n 1/ 10 (10% ) and 152/ 196 (77% ) of V . crassostreae strai ns i sol ated from seawater and oysters, respectively (Supplementary Figure 4). Among these strains, 50 plasmid carriers and 50 non-carri ers w ere i nj ected i nto oysters, and we observed that virulence coincides with the presence of the plasmid, strongly suggesting that thi s repl i con, thereafter named pGV 1512, encodes virulence factors (Figure 3b).

The manual annotation of the pGV1512 plasmid revealed 206 open reading frames (Figure 3a) with 55% havi ng unknown functi ons. L i ke many l arge plasmids, pGV1512 appears to have a modular archi tecture: (i ) a repl i cati on/ segregati on system (parA / B and repB), (i i ) a conjugati ve apparatus (T ype Figure 3 Correlation between pGV1512 presence and V. crassostreae virulence. (a) Circular representation of the V. crassostreae (strain J5-20) pGV1512 plasmid. From the outside inwards: the 1st and 2nd circles show the open reading frames encoding replication and partitioning; a type 4 secretion system (T4SS); Cus/Cop and regulators; a type 6 secretion system (T6SS); Px1 to 3 regions contain a majori ty of genes encodi ng unknown functi on; the i nternal ci rcl es 3 to 9 show the al i gnment wi th conti gs for the strai n (J 5-4; J 5-5; J 2-9; J 5-15; LGP7; LGP15; LGP107). The arrows indicate the site of allelic exchange for deletions. (b) Oyster mortality in response to experimental infection with 50 strains with (gray) or 50 strains without (white) plasmid (detected by a PCR against a pGV1512 fragment). A total of 10 6 c.f.u. of the strains was intramuscularly injected into oysters (n =20, in duplicate). M ortality (% ) was assessed after 24 h.

IV secretion system, T4SS, the coupling protein and the rel axase, Suppl ementary Fi gure 5), (i i i ) a heavy metal resi stance cl uster (Cus/ Cop) and (i v) a type V I secreti on system (T 6SS, Suppl ementary F i gure 6). These modules do not permit the classification of the pGV1512 in any previously described plasmid families although both secretion systems have highsequence si mi l ari ti es w i th l oci found i n V . spl endi dus, V. cyclitrophicus and V. tasmaniensis genome drafts.

We further explored the role of the pGV1512 plasmid in the virulence of V. crassostreae using molecular gen eti cs. B y i n tr od u ci n g a cou n ter sel ectabl e mar k er (CcdB toxi n) i n the pl asmi d, we successful l y cured thi s replicon in strains J5-20, J2-9 and the J2-9-Spec R derivative ΔR1 (Figure 4a). Plasmid loss did not impair bacteri al growth i n cul ture medi a, but resul ted i n a dramatic decrease in mortality induced after bacterial (J2-9 ΔpGV1512, J5-20 ΔpGV1512, J2-9 ΔR1-ΔpGV1512) injection (Figure 4b). A restoration of the ΔR1 phenotype was observed after pGV1512 mobilizati on i nto J2-9 ΔR1-ΔpGV1512 (J2-9 ΔR1-ΔpGV1512 +p G V 1 5 1 2 C m R ) , d e m o n s t r a t i n g t h a t t h i s p l a s m i d i s conjugative and necessary for virulence.

We next assessed the importance of specific loci for virulence using a genetic knockout approach. The deletion of T6SS, T4SS and Cus/Cop gene clusters (F i gure 3a) di d not resul t i n vi rul ence attenuati on (Suppl ementary Fi gure 7). However, the del eti on of the regi ons between cus/ cop and T 6SS (Px2), T 6SS and T 4SS (P x3) (F i gure 3a), dr amati cal l y affected the virulence of V. crassostreae (Supplementary Figure 7). No putative virulence factor could be identified in the Px2 and 3 loci based on sequence homology searches (Suppl ementary T abl e 8), suggesti ng that vi rul ence determinants encoded by pGV1512 are novel. The pGV1512 plasmid is not necessary for oyster colonization As we observed that only V. crassostreae shows a si gni fi cant posi ti ve associ ati on w i th oyster hemolymph, we addressed whether colonization is related to the presence of pGV 1512. Fi rst, a repl i cati ve plasmid expressing a fluorochrome was introduced in V. crassostreaestrains J2-9, J2-9ΔpGV1512 and, as a control , in V. cyclitrophicus strai n 7T 5-8. Both fluorescent strains were then added to oyster tanks (10 7 c.f.u. ml -1 )andtheirratiosdetermined(Figure5a). The colonization by V. crassostreae was found to remain high (10 4 -10 5 c.f.u. ml -1 hemolymph) for up to 4d a y s ,w h e r e a sV .c y c l it r o p h ic u sw a sin it i a l l ys l o w to col oni ze, then bri efl y rose to hi gher densi ty but decreased dramatically on days 3 and 4 (10 3 c.f. u. ml -1 ). T hi s resul t was i ndependent of V . crassostreae carryi ng the pl asmi d (Fi gure 5a) and was further confirmed by using strains expressi ng the GFP from a chromosomal locus (Supplementary Figure 8). Here agai n for three days w e obser ved a tw o l og di ffer ence in colonization between a V. crassostreae cured from the pl asmi d (10 5 c.f.u. ml -1 ), and V . cycl itrophicus (10 3 c.f.u. ml -1 ), al though from day 5 both strain l oads were found to be 10 3 -10 2 c.f.u. ml -1 .

Secondly, we explored the role of pGV1512 in oyster hemolymph colonization by in vivo competition assays. Oysters w ere i nfected by i nj ecti on or i mmersi on wi th a 1:1 mi x of di fferenti al l y fl uorescentl y labeled V. crassostreae strains that did or did not carry the pl asmi d (Fi gure 5b). We di d not observe any effect of the pl asmi d l oss on competi ti veness, suggesti ng that the pl asmi d i s not necessary for hemol ymph col oni zati on. Further, to control for the potenti al that the strai n without plasmid acts as a cheater with regards to some extracel l ul ar product secreted by the w i l d type strai n, we also competed V. crassostreae strains with J2-8, a strai n that has al so been i sol ated from oysters and bel ongs to a cl osel y rel ated popul ati on that i s not implicated in disease (Lemire et al., 2015). Again we did not observe any clear effect of the plasmid loss on hemolymph colonization (Supplementary Figure 9), confi rmi ng that the pl asmid is not necessary for colonization and/ or survival in the host.

Discussion

Although vibrios are frequently associated with mortal i ty of farmed speci es, thei r rol e as causati ve agent or secondary opportuni sti c col oni zers i s not well understood. Most analyses are based on mori bund ani mal s often i nfected by mul ti pl e agents (vi ruses, bacteri a) and l aboratory experi ments rel y on chal l enge vi a i njecti on, a method that does not reflect the natural route of infection and may thus excl ude other i mportant factors (for exampl e, chemotaxi s, col oni zati on). H ere by combi ni ng envi ronmental sampl i ng, natural i nfecti on and mol ecul ar gen eti cs, w e attemp t to over come th ese l i mi tati on s to expl ore the rol e of V i bri o i n j uveni l e oyster di sease. Our approach identified one dominant population as responsible for disease. This V. crassostreae appears to have ori gi nated as a beni gn col oni zer of oysters that i s capabl e of extended survi val even i n the hostile environment of the hemolymph but our data suggest that a subset of the popul ati on has been invaded by a pathogenicity plasmid turning it into a pathogen. This large mobilizable plasmid contains two l oci essenti al for vi rul ence; however, none of the gen es en cod ed k n ow n vi r u l en ce f actor s su ggesti n g that the nature of pGV 1512 vi rul ence i s novel .

Our results show that although Vibrio populations colonizing oysters overall resemble those from the surroundi ng seawater there i s sel ecti ve enri chment of some popul ati ons, suggesti ng that oysters represent a permi ssi ve habi tat for these. T hi s contrasts with a previous study that demonstrated neutral assembl y of V i bri o popul ati ons i n mussel s as indicated by their near identical frequency in seawater and mussel samples (Preheim et al., 2011). This difference may be due to particularities of our sampl i ng area (oyster farm affected by a di sease) or properties of oysters themselves. Firstly, high densi ty of oysters i n farmi ng areas coul d resul t i n sel ecti on and expansi on of vi bri os adapted to survi val i n these ani mal s. Second, vi bri os mi ght be more adapted to oysters than mussel s. F or exampl e, diseases associated with vibrios have not been described in the latter until recently (Ben Cheikh et al ., 2016) even w hen co-cul ti vated w i th oysters. Although both are filter feeders and possess innate immunity, mussels and oysters show important physiological differences. M ussels possess a systemi c humoral anti mi crobi al response that seems absent i n oysters (Schmi tt et al ., 2012). A nother particularity of C. gigas is the high level of copper in the pl asma, whi ch i s characteri zed by abundant copper-containing proteins like Zn/Cu SODs (Duperthuy et al ., 2011). In fact, copper toxi ci ty appears to be used as a defense mechani sm by hosts and coul d therefore sel ect for resi stance i n vi bri os. This is illustrated by the recent demonstration that the gene copA , encodi ng for a heavy metal effl ux protein, is essential for copper resistance, oyster colonizati on and virulence in vivo in V. tasmaniensi s (V anhove et al ., 2015). T he del eti on of the copA in V. crassostreae strain J2-9 also results in virulence attenuati on (not show n) and i s l i kel y a key factor for persistence in the hemolymph.

Experimental colonization suggests that members of the V. crassostreae popul ati on can persi st for extended peri ods i n the hemol ymph, the most hostile compartment in the animals. Importantly, thi s col oni zati on does not requi re the presence of the pGV1512 plasmid, suggesting that this property is likely a core function of this population. Previous gen omi c comp ar i son i d en ti f i ed gen es th at w er e shared by al l V . crassostreae strai ns and cl ustered in population-specific genomic regions (Lemire et al ., 2015). I nteresti ngl y some of these genes encode for col oni zati on factors (tad gene cl uster, (T omi ch et al ., 2007)) and for resi stance to antimicrobial peptides (PhoPQ, (Otto, 2009)) and to ROS (catal ase and superoxi de di smutase, (Ibarra and Steele-M ortimer, 2009)). These population-specific gen es p oten ti al l y al l ow su r vi val vs th e h ost i mmu n e response and could explain benign commensal behavi or of V . crassostreae i n oysters.

Although the plasmid is not necessary for colonization its high frequency in the population suggests that i t confers a fi tness advantage i n oysters possi bl y because pathogeni c strai ns may create damaged Figure 5 Role of pGV1512 for oyster colonization. A replicative plasmid was used to introduce green or red fluorescent protein (GFP or RFP) and a Cm R cassette into the Vibrio strains. (a) GFPlabeled strains (V. cyclitrophicus, strain 7T5-8, gray triangle; V. crassostreae, strain J2-9, black circle; J2-9ΔpGV1512 white circle) were individually added to the oyster tank (10 7 c.f.u. ml -1 ). Hemolymph was collected daily (x-axis) from 5 animals, serially diluted and spread on solid media supplemented with Cm. The yaxi s i ndi cates the l og c.f.u. ml -1 of hemol ymph retri eved on plates. The horizontal bar in each experiment indicates the mean of l og c.f.u. ml -1 .( b )C o l o n i z a t i o nc a p a c i t ya s s e s s m e n tb y determination of the ratio of WT strains J2-9/J5-20 and derivatives without plasmid retrieved on plates (y-axis) after homogenization of ani mal s that were i nfected wi th 1:1 mi x by i njecti on or immersion (x-axis). Each dot corresponds to a replicate (up to 10). Black dots: WT tagged with GFP/mutant tagged with RFP; white dots: WT tagged with RFP/mutant tagged with GFP. The horizontal bar in each experiment indicates the mean ratio.

ti ssue, whi ch they expl oi t for nutri ti on. Whether oyster farmi ng i tsel f has sel ected for the hi gh prevalence of the plasmid in the V. crassostreae population analyzed here remains unknown but it is stri ki ng that oyster di sease appears to be currentl y absent from areas i n N orthern Europe w here C. gi gas is abundant but not farmed (Watermann et al., 2008). In this context, an important question will be to what extent V . crassostr eae i s speci fi c to oysters or i s currently invading oysters with its ability to survive in the hemolymph being an exaptation. It was the onl y popul ati on negati vel y associ ated wi th seawater suggesti ng that i ts pri mary habi tat i s not i n mi croenvi ronments therei n. T hi s i s confi rmed by several years of sampling at a comparable site in the Northwestern Atlantic where no oyster farming occurs and where V. crassostreae has not been isolated from seawater (Hunt et al., 2008;Preheim et al ., 2011). F uture research w i l l therefore focus on determi ni ng potenti al al ternati ve reservoi rs for V. crassostreae and whether the pathogenicity plasmid is specifically enriched in populations associ ated w i th oysters.

On each sampling date (17 March,5 May,16 July and 29 July), eight "experimental" oysters were anesthetized for 2 h in a MgCl2 bath (5% w/v in 2/3 v/v seawater/freshwater) prior to hemolymph puncture through the adductor muscle. The animals were then dissected and each tissue were separately grounded in sterile seawater (10 mL/g of wet tissue). Subsamples of these homogenates were spread on TCBS (Difco) medium while filters on which different seawater fractions were collected were directly placed on TCBS plates. TCBS has been shown to be an effective selective medium for Vibrio isolation from estuarine and marine waters (Pfeffer and Oliver, 2003). It has been extensively used in the past to recover a large range of Vibrio spp. and provides standard approach for comparison with other studies (Turner et al., 2009). Randomly selected colonies (12/animal and 48 by size fractions for the 4 sampling dates) were re-streaked first on TCBS, then on Zobell agar (15g/l agar, 4 g/l bactopeptone and 1 g/l yeast extract in artificial sea water, pH7. 6), cultivated in Zobell media and stored at -80°C. For DNA sequencing, purified isolates were grown in Zobell overnight and DNA extracted using a DNA extraction kit (Cliniscience). The partial hsp60 gene was amplified for all isolates as described previously (Hunt et al., 2008) using primers Hsp60 R and F (Table S5). The PCR conditions were: 3 min at 94°C followed by 30 cycles of 30 sec each at 94°C, 55° and 72°C with a final step of 6 min at 72°C. Genes were sequenced using the reverse primer and sequencing was performed at GATC (https://www.gatcbiotech.com/fr).

Cloning of deleted alleles into a suicide vector

The cloning was performed using the Gibson assembly method according to the manufacturer's instructions (New England Biolabs, NEB). For T6SS deletion and to generate a Spec R recipient (J2-9ΔR1), three independent PCR amplifications were performed using primers ΔT6SS-1 to 6 (Table S5) and ΔR1-1 to 6 respectivelly. Primer pairs ΔX-1+ 2 and ΔX-5+ 6 and V. crassostreae strain J2-9 DNA as target, were used to amplify the 500 bp fragment located upstream and downstream of the region to be deleted, respectively. Primer pair ΔX-3+ 4 and PSW25T (Demarre et al., 2005) as target allowed the amplification of a spectinomycin resistance cassette to be cloned between the two 500 bp fragments outlined above. For deletion of the other regions (ΔCus/Cop, ΔT4SS, ΔPx1, 2, 3), two independent PCR amplifications of the regions (500 bp) encompassing the gene to be deleted were performed using the primer pairs ΔX-1 and 2, and ΔX-3 and 4 (Table S5). A PCR inside out was performed using PSW7848T suicide vector DNA (Val et al., 2012) and primer pair (SW-F and SW-R) (Table S5). After purification and quantification, 0.02-0.5 pmols of each PCR products were mixed with Gibson assembly Master Mix and incubated for 60 minutes at 50°C. A dialysis was performed on the samples before electrocompetent E. coli transformation.

Strains Π3813 and β3914 were used as a plasmid host for cloning and conjugation, respectively (Le Roux et al., 2007). Strains and plasmids used and established in the present study are presented in Table S3 and4, respectively.

Conjugation

Overnight cultures of donor (E. coli β3914) and recipient (Vibrio) were diluted at 1:100 in culture media without antibiotic and grown at 30°C to an OD600nm of 0.3. The different conjugation experiments were done by a filter mating procedure described previously (Le Roux et al., 2007) with 1 ml donor and 10ml recipient. Conjugations were performed overnight on filters incubated on LBA + NaCl 0.5N + diaminopimelic acid (DAP) plates at 30°C. Counter-selection of DdapA donor was done by plating on a medium devoid of DAP, supplemented with chloramphenicol and when required 1% glucose. For mutagenesis, Cm R resistant colonies were grown in LB + NaCl 0.5N + glucose 1% up to late logarithmic phase and spread on plates containing 0.2% arabinose.

Mutants were screened by PCR using external primers.

Tables Table S1: Summary of the number of isolates by sampling date and category. Chapter III Oysters as a niche for horizontal gene transfer and pathogen emergence
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Hsp60F GAATTCGAIIIIGCIGGIGAYGGIACIACIAC Hsp60R CGCGGGATCCYKIYKITCICCRAAICCIGGIGCYTT pGV1512-1 GCCCGGATCCATGAATAAGAAAACATTACC pGV1512-2 GCCCGGATCCGTTGCGTTGCTTGGACTGAG SW-F GAATTCCTGCAGCCCGGGGG SW-R GAATTCGATATCAAGCTTATCGATAC ΔT6SS-1 GTATCGATAAGCTTGATATCGAATTCGTTACCAGCAGCAAGAGCAA ΔT6SS-2 CGTCACAGGTATTTATTCGGCGGCCAATTAAGACGGTTGGCA ΔT6SS-3 TGCCAACCGTCTTAATTGGCCGCCGAATAAATACCTGTGACG ΔT6SS-4 ACGAGCTATGCTATTGGCACGATATCGTCGCAGACCAAAACG ΔT6SS-5 CGTTTTGGTCTGCGACGATATCGTGCCAATAGCATAGCTCGT ΔT6SS-6 CCCCCGGGCTGCAGGAATTCGTGTCGGTAGCATAGCAAGA ΔCus/Cop-1 GTATCGATAAGCTTGATATCGAATTCCCTGTCCAGTGTTGAATAGG ΔCus/Cop-2 CGTCGGTCAAAGTAGACGGCCGTTCACTCTAAGAAACCGC ΔCus/Cop-3 GCGGTTTCTTAGAGTGAACGGCCGTCTACTTTGACCGACG ΔCus/Cop-4 CCCCCGGGCTGCAGGAATTCGAAGGAAACCCAAACCGGCC ΔT4SS-1 GTATCGATAAGCTTGATATCGAATTCGCTGCTGAGGAAAATGTGCG ΔT4SS-2 GCGATACGCATGGATGAAGGCGACTTTGCTTCGTACATGG ΔT4SS-3 CCATGTACGAAGCAAAGTCGCCTTCATCCATGCGTATCGC ΔT4SS-4 CCCCCGGGCTGCAGGAATTCGGATCTTCTGTTGATGCTGC DPx1-1 GTATCGATAAGCTTGATATCGAATTCGCTCATACTTATCGCCTCAC DPx1-2 CCTTTGCGTGTTCAAGTCACGTCAAAATACCAAGGGTGGC DPx1-3 GCCACCCTTGGTATTTTGACGTGACTTGAACACGCAAAGG DPx1-4 CCCCCGGGCTGCAGGAATTCCATTGGGTGCCCTTAATGCC DPx2-1 GTATCGATAAGCTTGATATCGAATTCCCTGTCCAGTGTTGAATAGG DPx2-2 CGTCGGTCAAAGTAGACGGCCGTTCACTCTAAGAAACCGC DPx2-3 GCGGTTTCTTAGAGTGAACGGCCGTCTACTTTGACCGACG
In the previous chapter, we show that the plasmid pGV1512 plays a major role in V.

crassostreae virulence. In addition, pGV1512 is a conjugative plasmid and was mostly detected in strains isolated from diseased oysters. We also show that there are always several populations colonizing diseased oysters. Those elements led us to explore the distribution of this virulence plasmid. Is pGV1512 restricted to environment experiencing oyster mortality events? Is pGV1512 specific to V. crassostreae?

First, the detection of pGV1515 in V. crassostreae strains isolated from Brest and Sylt (Germany), that constitute two areas experiencing contrasted oyster mortality events and contrasted oyster-farming densities revealed that the plasmid was restricted to strains isolated in Brest, suggesting that the plasmid could have been selected in high-density oyster farms. We further demonstrated that the plasmid was sufficient for the pathogenic transition of V.

crassostreae by transferring pGV1512 in non-virulent strains. In a collection of Vibrio strains isolated in Brest from seawater and oyster, during and outside mortality events, pGV1512 was detected at high frequency in two populations, both associated from diseased oysters: V. crassostreae #11 and V. splendidus #24. Although the plasmid can be transferred to several populations and turns them more virulent, this narrow distribution was further experimentally showed to be due to a greater transfer frequency and/or selection of pGV1512 in populations #11 and #24 in oysters. The fact that pGV1512 transfer is enhanced in oysters could indicate that oysters act as a niche for HGT. This hypothesis will be further tested with transfer assays of other plasmids.

We then explored the virulence mechanisms of pGV1512 in V. crassostreae. Successive deletions of regions or single genes led to the identification of a transcriptional regulator, named PX3-2.5, whose deletion strongly reduces V. crassostreae virulence towards oysters. A RNAseq analysis showed that genes encoding a type VI secretion system (T6SS) were significantly up-regulated when PX3-2.5 was overexpressed and we further demonstrated that the T6SS was activated by PX3-2.5. Targets of this T6SS, that can be either prokaryotic or eukaryotic cells, remain to be identified in order to deciphering pGV1512 role in oysters.

oysters act as a specific niche that actively promotes the emergence of pathogens and we further speculate that antibiotic treatment of these animals may increase spread of resistance genes among the microbial world.

INTRODUCTION

Global strategies are urgently needed to ensure sustainable and equitable food security in a context of demographic explosion (1). Aquatic products have a critical role in the food system, providing nearly 3 billion people with at least 15% of their animal protein intake and being the main source of omega 3 fatty acids (2). Overexploitation of fisheries had led to the expansion of aquaculture settings. However, exogenous shocks such as climate render marine farms vulnerable to diseases. On the other hand, marine farm can cause deep environmental changes.

Indeed, aquaculture is often based on non-endemic and genetically modified or selected animals, which makes hatchery dependent on the use of antibiotics. In coastal marine environments, elevated animal density results in nutrient pollution, animal escapes or invasion and disease spread. Hence, although aquaculture is a promising strategy to face the food crises, sustainable and safe production must be mandatory for its development.

Oyster farming illustrates the risk and vulnerability of aquaculture. It is a major source of contamination of human by pathogens such as Vibrio parahaemolyticus the most common bacterial cause of seafood-borne gastroenteritis in the USA, with more than 34,000 annual cases (3). Members of the Vibrio genus have also been associated to several mortality outbreaks of Crassostrea gigas, the main oyster species produced worldwide (4)(5)(6). We previously compared the Vibrio population structure in seawater and oysters, sampled in a farming area (Brest, France) (4). By population, we mean a phylogenetic unit representing cohesive ecology, gene flow and social attributes (7)(8)(9)(10). We were able to identify populations that were preferentially associated with oyster tissues, suggesting adaptation to survival in these animals. One population, taxonomically assigned to the species V. crassostreae (11), was particularly abundant in all animals affected by the juvenile disease and its pathogenicity was related to the presence of a large conjugative plasmid (pGV1512) (4). In addition, V. crassostreae was always found to co-occur with other Vibrio populations in oysters, questioning about the distribution of this plasmid in other populations as well as its effect on virulence in non-V. crassostreae strains. Finally, it remains to be determined whether oyster farming itself has selected for the high prevalence of the plasmid in the V. crassostreae population from Brest.

Plasmids are important drivers of rapid adaptation of bacteria to changing environmental conditions (12). Plasmid frequency within a population can thus be used as an indicator of the selective pressure in the niche. Indeed, the pGV1512 plasmid was detected in 1/10 (10%) and 152/196 (77%) of V. crassostreae strains isolated from seawater and oysters respectively, suggesting that it confers a fitness advantage in oysters (4). To test this hypothesis, pairwise competition assays using a V. crassostreae strain carrying pGV1512 or its plasmid-cured derivative were performed in oyster (4). We did not observe any clear effect of the plasmid loss on hemolymph colonization. However, we noted that neither V. crassostreae proliferation nor sustainable maintenance was observed in infected oysters. As fitness is defined as a difference in the number of offspring in the niche, either by increased growth or decreased mortality, the role of the pGV1512 in the fitness of V. crassostreae in oyster remains to be determined.

Here, we explored the natural host range of the pGV1512 plasmid in Vibrio populations isolated from Brest (France), an area experiencing intense oyster farming and recurrent mortality events and V. crassostreae isolated in Sylt (Germany) where a massive oyster invasion formed natural beds that did not suffer from Vibrio related disease outbreaks yet (13). The plasmid was detected at high frequency in two out of 24 populations (i.e. V. crassostreae and V. splendidus) isolated in Brest, while it was absent from strains isolated in Sylt. Conjugative transfer of the plasmid into non-virulent environmental V. crassostreae strains isolated in Sylt was however sufficient to increase their pathogenicity. The narrow range of populations carrying this plasmid at high frequency within geographic locations may be explained by enhanced fitness and/or conjugation frequency in oyster. A type 6 secretion system (T6SS) gene cluster, carried by the plasmid, appears to be necessary for full virulence. Its regulation by a plasmid encoded transcriptional factor and bacterial killing activity has been then further explored.

RESULTS

The plasmid is enriched in two populations associated with diseased oysters in a farmed area

We first explored the distribution of the pGV1512 plasmid in diverse populations of Vibrio isolated in Brest. These vibrios have been isolated from seawater fractions or oyster, in spring (no disease) or summer (juvenile disease), and partitioned into 24 populations using mathematical modeling taking into account phylogenetic and ecological structure ( 4). These populations were further assigned to taxonomic species by Multi Locus Sequencing Tag (MLST), e.g. V. crassostreae (#11), Vibrio sp. nov (#12) and V. splendidus (#13 to 24).

Importantly, 13 populations (#1 to 9, 19, 21, 23 and 24) were found to co-occur with V.

crassostreae in diseased oysters and could thus act as recipient for pGV1512 conjugative transfer.

The detection of the pGV1512 repB gene in strains in the original set representing each population (n=120, see Table S1 for details) revealed that pGV1512 is present in several strains of V. crassostreae (#11) and V. splendidus (#24) (Figure 1A, plain blue circles). Genome sequencing confirmed the presence of the pGV1512 plasmid in these strains with 138-142 (depending on the strain) core genes showing identities in 99% of sites (Table S2). When screening additional strains isolated in Brest, the pGV1512 plasmid was found in 77%

(152/196) of V. crassostreae (#11) and 100% (10/10) of V. splendidus (#24). In addition, one

V. splendidus strain (3T7-10; #20), isolated from a healthy oyster in spring, was found positive for repB (Figure 1A). To obtain a more precise estimate of plasmid occurrence in population #20, we screened 25 additional strains and did not find other repB positive strains.

We previously hypothesized that the introgression of the virulence plasmid pGV1512 into V.

crassostreae is triggered by elevated host density in farming areas (4). Wild oyster beds can also reach very high densities. One example for such high densities can be found after the recent invasion of oysters into the Northern Wadden sea, NE North Sea, close to the island of Sylt (13). Here, no Vibrio associated mass mortalities have been observed, providing a natural contrast to the heavily farmed area in Brest. Therefore, we sought to isolate V. crassostreae from Sylt in order to explore the presence and frequency of the pGV1512 plasmid in diseasefree areas. To this aim, roughly 800 strains were isolated from seawater fractions and oysters collected in Sylt, genotyped by hsp60 partial gene sequencing and assigned to Vibrio population and species as described previously (Figure S1). MLST further confirmed the taxonomic assignment of 40 V. crassostreae strains isolated from Sylt in addition to 49 isolates from Brest (Table S3). The phylogenetic structure partitioned these strains into two clades representing both locations (Figure 2A). The first clade contained the majority of strains (32 out of 40) from Sylt, while the second clade contains the majority of strains from Brest (34 out of 49). The pGV1512 repB gene was mainly found in strains belonging to clade 2 and only isolated in Brest (Figure 2A). Only one strain of the clade 1 (8T5_11), originating from Brest, was found to be positive for repB. The presence of the plasmid was confirmed by genome sequencing of the 8T5_11 strain. The pGV1512 repB gene was never detected in isolates from Sylt.

The plasmid is sufficient for the pathogenic transition of environmental vibrios When 40 and 49 V. crassostreae strains isolated respectively in Sylt and Brest were injected individually into oysters, we observed that virulence is strongly correlated with the presence of the plasmid (Student t test, p<0,005), with the exception of the only positive clade 1 strain 8T5-11 that was not able to kill oysters (Figure 2A). This strains lacks the R5-7 gene (not shown), that has been characterized as necessary but not sufficient for virulence in V. crassostreae (6,[START_REF] Sundberg | Intensive aquaculture selects for increased virulence and interference competition in bacteria[END_REF]. We previously showed that pGV1512 is necessary for virulence using plasmid-cured derivative of isolates from Brest (4). Here we tested whether this plasmid is sufficient to confer virulence to non-virulent V. crassostreae strains isolated in Sylt. To this end we transferred by in vitro mating the pGV1512 plasmid from a donor (V. crassostreae from clade 2, strain J2-9)

to several recipient strains from clade 1 and 2. To be able to counter-select the conjugant from later one, we first transferred a spectinomycin resistance marked plasmid, pMRB_Sp R (15) in the recipient (Figure 2B). We next transferred a chloramphenicol resistance (Cm R ) marked version of pGV1512 (pGV_Cm R ), from J2-9 to the Sp R marked strains. We showed that, in all tested strains, plasmid gain resulted in an increase in oyster mortalities after experimental infection and at a similar level than J2-9 (Figure 2C).

We next asked whether the pGV1512 plasmid is sufficient to increase the virulence of strains belonging to other populations isolated in Brest. The pMRB_Sp R plasmid was transferred successfully to the majority (86/120) of the strains (Figure 1A, plain green circles). When using these Sp R marked strain as recipient, we next were able to transfer the pGV1512_Cm R from J2-9 into at least one strain per population except V. orientalis (#1), V. harveyi (#5), and Vibrio sp.

nov (#6, 9 and 10) (Figure 1A, plain red circles), indicating that more Vibrio population are competent to acquire this plasmid than the natural distribution would suggest. Using oyster genes. Between these two operons, we predicted a bidirectional promoter (left and right 10/-35 boxes) as well as a putative PX3-2.5 binding site, which constitutes a palindromic sequence of 6 nucleotides spaced by 5 nucleotides (Figure 4B). This motif was not identified in other loci within the J2-9 genome, including upstream regions of the other differentially expressed genes identified by RNAseq. We cloned this promoter between Gfp and DsRed encoding genes in a replicative plasmid and transformed a V. cholerae strain (A1552) in which we previously integrated in the chromosome the PX3-2.5 gene under the control of an arabinose inducible promoter (PBAD) (see Material and method for details). The induction of PX3-2.5 expression by arabinose resulted in the production of both GFP and DsRed demonstrating that this promoter is activated by PX3-2.5 (Figure 4C).

The T6SS cluster was not only found on the pGV1512-like plasmids carried by strains isolated in Brest but also on the chromosome of 7 out of 102 V. splendidus strains that have been isolated in a location without intense oyster farming (Massachusetts, Plum Island and Nahant) (Figure S3). The gene cluster is in synteny in all analyzed genomes and the encoded proteins show high sequence conservation (mean sequence identity 97±3%). The promoter sequence that is localized between the vgrG and vasJ genes is also conserved in those strains including the palindromic sequence (Figure S4). The gene encoding the transcriptional regulator PX3-2.5 and nearby genes are also present in the vicinity of the T6SS in V. splendidus (sequence identity of 78%). Interestingly, we observed multiple insertion sequences of the IS5 family around the chromosomal T6SS and PX3-2.5, suggesting an acquisition by successive HGTs. Similarly, the T6SS localized on the pGV1512 is surrounded by many Tn/IS from different families, including the IS5 family, and most transposases are pseudogenized. This type of organization is similar to composite transposons that are Tn/IS surrounding genes and allowing their mobilization to another position (18).

From the experiments described above, we hypothesized that the regulator PX3-2.5 is necessary for virulence through its induction of the T6SS. This result was surprising as we previously generated a knock out mutant within this locus and observed no effect on virulence (4). Reinvestigating this mutant (strain GV878), we identified a duplication of this region, probably resulting from plasmid shuffling, which resulted in duplicated alleles, one deleted and one complete. A new complete deletion of the T6SS gene cluster was therefore constructed (Figure 3A) and the deletion (strain GV2625, hereafter named DT6SS) was confirmed by PCR using external and internal primers that anneal to the T6SS locus. Comparing the virulence of the WT strain J2-9 and its DT6SS derivative revealed that deletion of the T6SS resulted in a slight decrease in oyster mortality after bacterial injection (Figure 3B). Similar decrease in virulence was observed when we deleted the vasV gene, encoding for the PAAR-repeat protein. However, we noted that the effect of DT6SS and DPAAR never reached the effect of PX3-2.5 deletion with mortalities percentage induced of respectively 70, 60 and 20%. The deletion of a second region (Px2) was also previously demonstrated to results in attenuated virulence. However, this region contains the T6SS vasV gene. We therefore constructed a deletion of Px2, excluding the vasV gene, and observed no effect on virulence.

The T6SS was reported to contribute directly to virulence of V. cholerae by delivering effectors into host eukaryotic cells (19,20). The T6SS mediated cytotoxicity in Dictyostelium discoideum and macrophage has been assigned to a C-terminal extension of the VgrG1 effector protein, which contains an actin cross-linking domain (19). We did not observe any C-terminal extension within the VgrG protein encoded by the T6SS cluster on the plasmid pGV1512, which suggests that a similar cytotoxic effect is unlikely to occur upon oyster injection. Indeed, it is now clear that many, probably the majority, of T6SSs are actually used to target competing bacteria and hence play a critical role in the fitness of bacteria within a specific niche (16,17).

To test this, we asked whether V. crassostreae J2-9 expressing PX3-2.5 was able to kill bacteria in an in vitro killing assays (21). When such a PX3-2.5 expressing J2-9 strain was used as predators and E. coli, V. cholerae and 40 diverse Vibrio strains isolated in Brest were used as prey, we still did not observe any killing under the tested conditions, indicating that it is not directly killing those bacteria in vitro.

NB:

The T6SS might target other bacteria, particularly the ones constituting the oyster microbiote. We are currently performing killing assays with J2-9 as predator and non-Vibrio preys isolated from healthy oyster-microbiote.

NB: Mutagenesis of other genes that are up-regulated by Px3-2.5 is currently in progress.

The effect of their deletion in virulence will then be tested by injection to oysters.

Oyster acts as a niche for pGV1512 transfer and selection

The pGV1512 plasmid is present at high frequency in V. crassostreae (#11) and V. splendidus (#24) and both populations have been demonstrated to be positively associated with oysters (4).

As we were able to transfer this plasmid in diverse strains and populations, the narrow host range unlikely results from transfer, replication or maintenance specificity. Since plasmid host range and/or conjugative transfer efficiency is strongly dependent on the environment (12,22,23), we compared the pGV1512 transfer frequency in vivo and in vitro. First, we performed in vitro mating between V. crassostreae J2-9 carrying pGV1512_Cm R and representative strains of V. crassostreae (#11) and V. splendidus (#24) previously cured of pGV1512 or the closely phylogenetically related populations Vibrio sp. nov (#12) and V. splendidus (#23). Plasmid transfer frequency (conjugant/recipient) ranged from 10 -6 to 10 -8 depending on the strain with a significant lower frequency for Vibrio sp. nov (#12) (Figure 5 and S5). Second, we co-injected oysters with sub-lethal (10 7 cfu) and lethal (10 8 cfu) doses of V. crassostreae strain J2-9/pGV1512_Cm R together with each of the recipient. Plasmid transfer was only detected when lethal doses of J2-9/pGV1512_Cm R were injected, similarly in dead or alive animals and was highly efficient despite the absence of antibiotic selection (Figure 5). Indeed, in vivo, plasmid transfer frequency was increased by up to 10 4 compared to in vitro mating. Importantly, the best efficiencies in vivo (10 -2 , 10 -3 ) were obtained for cured strains belonging to V. crassostreae (#11) and V. splendidus (#24), closely mimicking plasmid occurrence in natural isolates (Figure 1). This result suggests a high degree of recipient specificity, that together with the increased transfer efficiency in oysters can explain its high abundance within its narrow host range. The • Enhancement of the transfer in vivo will be assessed by comparing the tra genes expression in qPCR between in vitro and in vivo mating conditions.

• Transfer frequency of other plasmids will also be tested.

In this study, I performed the in vitro and in vivo conjugation assays, the mutagenesis of the different regions/genes on pGV1512, the infection assays, the statistics and the samples preparation for the RNAseq.

MATERIAL AND METHODS

Molecular microbiology

The strains used in the present study are described in tables S1, S3 and S5. Plasmids and primers used in this study are described in tables S6 and S7. Vibrio isolates were grown in Zobell or

Zobell agar, Luria-Bertani (LB) or LB-agar (LBA) + NaCl 0.5M, at 20°C. Escherichia coli strains were grown in LB or on LBA at 37°C. Chloramphenicol (Cm, 5 or 25μg/ml for Vibrio and E. coli respectively), spectinomycin (Spec, 100μg/ml), thymidine (0.3 mM) and diaminopimelate (0.3 mM) were added as supplements when necessary. Induction of the PBAD promoter was achieved by the addition of 0.2% L-arabinose to the growth media, and conversely, was repressed by the addition of 1% D-glucose.

Clonings were performed using the Gibson method (New England Biolabs, Genopole, Evry, France). For gene knock out by allelic exchange, 500bp of upstream and downstream regions of targeted genes or regions were cloned into a suicide vector. The R6K γ-ori-based suicide vector encodes the ccdB toxin gene under the control of an arabinose-inducible and glucoserepressible promoter, PBAD. Matings between E. coli and Vibrio were performed at 30 °C as described above. Selection of the plasmid-borne drug marker (chloramphenicol resistance) resulted in integration of the entire plasmid in the chromosome by a single crossover.

Elimination of the plasmid backbone resulting from a second recombination step was selected by arabinose induction of the ccdB toxin gene. Mutants were screened by PCR and are described in Table SY. For complementation experiments, the Gibson assembly method was used to clone the PX3-2.5 gene under a constitutive promoter (PLAC) in pMRB. This plasmid was then transferred to Vibrio by in vitro mating.

For in vitro mating and in vivo conjugation assays between vibrios, a high copy number plasmid, which is stably maintained in vitro and in vivo without selection (13,22) was used to introduce green fluorescent protein (GFP) constitutively expressed from the Plac promoter, into the Vibrio recipient strains.

For the pGV_X conjugation experiment, we used donors containing a Cm R marked version of the different plasmids (e.g pGV1512_Cm R ) as previously described ( 4) and pGV1512 curing was performed as described previously (4).

Matings between vibrios were performed by mixing the donor (pGV1512_Cm R ) and recipient (e.g. J2-8_Spec R ) at a ratio of 1/1 on LBA + NaCl 0.5M and incubating at 25°C for 24 hours.

To perform in vivo conjugation assay, overnight cultures of donor (pGV1512_Cm R ) and recipient (e.g. J2-8_Spec R ) were mixed at a ratio 1/1 and one hundred microliters of the mix was injected intramuscularly into oysters. After 24h, dead oyster flesh was ground and spread on a selective medium LBA + NaCl + Cm + Spec.

Experimental challenge

Cohabitation experiments were performed by injecting fifty microliters of a virulent strain culture (10 8 cfu) in the donor oyster batch and fifty microliters of sterile seawater or a nonvirulent strain culture (10 7 cfu) in the recipient oyster batch. Mortalities were recorded in both batches and alive recipient oysters were ground and spread on agar plates at 48h and 96h after injection to assess total flora, Vibrio and donor strain load.

To determine virulence of isolates, bacteria were grown under constant agitation at 20°C for 24h in Zobell media. One hundred microliters of the culture ( 10 Genome sequencing, assembly and annotation.

Genomes of V. Splendidus (#24) were sequenced using Illumina HiSeq 2000 technology with ~ 40 fold of coverage as described previously (6). Contigs were assembled de novo using Velvet (24). Plasmids pGV1512-like were reconstructed by aligning contigs on the reference sequence from V. crassostreae J5-20 (Accession Number: KX765275.1). Computational prediction of coding sequences, together with functional assignments, were performed using the automated annotation pipeline implemented in the MicroScope platform (23).

Phylogenetic analyses

Phylogenetic trees were reconstructed based on the nucleotide alignment of markers by Muscle.

Phylogenetic reconstruction was done using RaxML ( 26) with a GTR model of evolution, a gamma model and default parameters.

Statistical analyses

Statistical analyses were performed using the computing environment R (R Core Team, 2016)
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I Oyster juvenile disease is polymicrobial

In this PhD work, we used C. gigas as a model of infection, but it is also naturally affected by recurrent infectious diseases. Diseased juvenile oysters are infected by both the ostreid Herpes virus OsHV-1 and bacteria, including Vibrio. We showed that the virus was a good marker of mortalities (Petton et al., 2015). In addition, several studies demonstrated the role of OsHV-1 in oyster mortality induction. Injection of C. gigas with viral mimic nucleic acids (such as polyI:C) resulted in an enhanced resistance to further OsHV-1 infection. This was evidenced by a reduced viral replication and an improved survival of infected oysters [START_REF] Lafont | Long-lasting antiviral innate immune priming in the Lophotrochozoan Pacific oyster, Crassostrea gigas[END_REF][START_REF] Green | Antiviral Defense and Innate Immune Memory in the Oyster[END_REF]. Another study aimed at deciphering the role of the different infectious agents in this polymicrobial disease and showed that OsHV-1 was involved in hemocytes killing, thus damaging host immune response (de Lorgeril et al., under revision).

The monitoring of the dynamic of colonization of juvenile oysters by total cultivable bacteria, vibrio and herpes virus leading to oyster disease showed that vibrio colonization preceded viral replication and oyster mortality induction. An antibiotic treatment revealed that a high viral load was not sufficient to induce high mortality rate in oysters, thus highlighting the importance of bacteria in oyster disease. However, the antibiotic treatment is not only targeting virulent vibrios but also non-virulent vibrios and commensals of the host (Petton et al., 2015). Further studies highlighted that some Vibrio genotypes are able to kill oyster in experimental infection and specific virulent genotypes colonization is congruent with disease induction (Lemire et al., 2015;Petton et al., 2013Petton et al., , 2015;;Bruto et al., 2017). In addition, we showed that both juvenile and adult oysters are reservoirs of pathogens and were able to transmit the disease to SPF oysters. Finally, adult oysters were able to induce disease to juvenile oysters without detection of OsHV-1 (Petton et al., 2015). Overall, these elements confirm the importance of vibrios in oyster mortality.

Demonstrating the role of specific Vibrio genotypes or populations in oyster disease will require their elimination during infection, such as the one performed on OsHV-1 with polyI:C [START_REF] Lafont | Long-lasting antiviral innate immune priming in the Lophotrochozoan Pacific oyster, Crassostrea gigas[END_REF][START_REF] Green | Antiviral Defense and Innate Immune Memory in the Oyster[END_REF]. To this aim, the GV laboratory is currently isolating phages infecting V. crassostreae and V. chagasii in order to deplete specific populations of vibrios in oyster and explore whether it decreases mortalities. Those preliminary experiments could further constitute a basis to build diagnosis/management strategies of oyster disease.

II Population as a unit of pathogenesis

Contrary to the classic view of clonal expansion of pathogen following recent acquisition of virulence factors by HGT, we identified virulence determinants that are shared by whole Vibrio populations, rising the unit of pathogenesis to the population level. This impacts prophylactic and therapeutic approaches and drives important insights into ecoevolutionary mechanisms of virulence acquisition.

One of the consequences of demonstrating that the unit of pathogenesis can be the population is that diagnostic strategies of pathogens in the environment or prior to animal transfer can be based on multi-locus-sequence-typing (MLST) analyses. Then, targeting the R5-7/8 cluster, specific to virulent populations from the Splendidus clade, could be used to indicate the overall risk in a given environment. We also showed that additional genes, that are population-specific, are necessary for virulence: the MARTX toxin and the plasmid pGV1512.

A schematic representation of population-specific virulence gene acquisition/loss identified during my PhD project is proposed in figure 1. V. crassostreae is repeatedly associated with diseased oysters and its virulence depends on the plasmid pGV1512 (Faury et al., 2004;Lemire et al., 2015;Bruto et al., 2017). Thus, detection of pGV1512 constitutes a reliable marker to assess high risk of oyster disease induction. In the future, detection methods should target population-specific genes to improve their resolution and efficiency. The diagnosis of pathogenic vibrios could thus be achieved by targeting a few markers. Disease management strategies should then develop "ecofriendly" methods (that do not rely on the use of chemicals as antibiotics) such as phage therapy that offers interesting perspectives for prophylaxis in hatchery. However, efficiency of phage-therapy should rely on large spectrum bacteriophages and phage-cocktail to be efficient against a diversity of virulent genotypes. 

Splendidus clade

In addition, the discovery that population can be the unit of Vibrio pathogenesis in oyster opens important perspectives to understand the evolution of these pathogens. The observed population structure yield insight into the evolutionary history of pathogens and types of selection acting on pathogenicity determinant genes. For example, the R5-7/8 gene cluster was ancestrally acquired and plays a role in virulence of different populations belonging to the Splendidus clade. Its high frequency suggests that this cluster plays an essential role in adaptation of those populations in their niche, but its role remains to be determined. On the other hand, the R5-7/8 cluster has been lost by some populations from the Splendidus clade, which indicates that this gene is not important for their survival in the niche.

Within the V. splendidus #18 population, the MARTX toxin is detected at medium frequency and shows high diversity in effector composition. Most of those MARTX toxins share at least one 'Makes Caterpillars Fluffy" (MCF) domain with the MARTX type III from V. vulnificus. The latter is involved in protection against predation by amoebae as it induces lysis of grazers (Lee et al., 2008). To test the role of V. splendidus MARTX in resistance to grazing, I co-cultured the grazers Paraphysomonas sp. with a V. splendidus strain or its ΔMARTX derivative. I did not show significant differential growth between the tested strains and therefore I was unable to demonstrate a role of V. splendidus MARTX in predation evasion using this model of grazing. On the contrary to phages, to date, grazers are considered to be generalist predators of bacteria, although the fitness of both predator and prey differ between species. An interesting perspective would be to compare different grazers and use a pool of several bacterial culture instead of pure culture of Vibrio to explore the role of the MARTX.

Legionella pneumophilia (Day et al., 2014) and V. cholerae (Van der Henst et al., 2015) are able to survive in host phagocytes. This ability is linked to a pre-adaptation that allow them to resist to predation by grazers in their environment. This exemplifies the paradigm of the "coincidental selection" concept. Coincidental selection has been proposed to explain the emergence of many opportunistic pathogens for which virulence factors are selected in a nonparasitic context [START_REF] Brown | Evolution of virulence in opportunistic pathogens: generalism, plasticity, and control[END_REF]. In such a case, virulence factors are selected because they confer a selective advantage for adaptation/survival in a niche that is not the host [START_REF] Levin | Selection and evolution of virulence in bacteria: an ecumenical excursion and modest suggestion[END_REF]. The virulence factors evidenced in this work, the MARTX, and the R5.7/8 proteins, that are related to the ecological differentiation of Vibrio populations, should be explored in the future in regard to the coincidental selection concept, i.e. understand their role in their niche niche in the wild that is not the oyster.

To do so, a time-series sampling followed by sequencing of 18S, 16S and vibrio specific gene markers has been performed to explore the dynamic of diverse eukaryotes, total bacteria and vibrios in the environment (ANR Revenge project). This may lead to evidence cooccurrence network associated with pathogenic populations of vibrios and give clues on natural niche of these populations such as unicellular eukaryotes, phytoplankton or zooplankton. In addition, isolation of grazers from the same environment could lead to the development of a new system of interactions in order to test the effect of specific genes on resistance or killing of grazers. Finally, a collaboration with the Melanie Blokesch lab has been initiated to use the lab models Acanthamoeba and Dictyostelium to depict the molecular mechanisms involved in virulence of environmental vibrios.

III A consortium as a unit of pathogenesis

Exploration of the diversity of Vibrio populations in oysters showed that diseased oysters were systematically colonized by several populations (Bruto et al., 2017). We demonstrated that distinct populations of vibrios have common and specific virulence mechanisms (Bruto et al., 2018), highlighting that several virulence factors are necessary for a strain to kill oysters. These results lead to the hypothesis that several strains or populations cooperate to kill and adopt a "sharing the weapons" strategy. This hypothesis has already been supported in oysters and corals where co-injection of several Vibrio strains or species enhances virulence (Gay et al., 2004;Lemire et al., 2015;[START_REF] Rubio-Portillo | New insights into Oculina patagonica coral diseases and their associated Vibrio spp. communities[END_REF]. This hypothesis could be explored in the context of oyster disease induction by following the dynamic of infection of vibrios in the wild or in mesocosm. At the individual level, identification of systematic co-colonization or recurrent successive dynamics of the different populations could be highlighted. This experiment requires the use of a metabarcoding approach to discriminate the different Vibrio populations. I performed this experiment using the hsp60 marker used in the Polz laboratory, where I carried out metabarcoding sequencing data analyses. Unfortunately, this technique does not produce conclusive results, mainly due to oyster DNA that is proportionally too important in the samples and involve dilution steps of several log for some samples. The development of a metabarcoding method to discriminate the Vibrio populations in oyster samples will be a tool of major interest to study colonization processes in the wild. An alternative method to test the "sharing the weapons" strategy would be to identify other population-specific virulence genes, notably for populations associated with diseased oysters. Then, in mesocosm, the effect of the reconstitution of various virulent communities on oyster mortality induction could be tested.

IV Emergence of virulent genotypes in oyster farms

In our sampling site located in high-density oyster-farming area in Brest, the virulence plasmid pGV1512 was only found in two populations, V. crassostreae #11 and V. splendidus #24. These two populations are only detected during mortality events, in diseased oysters, and are barely found in surrounding seawater. At a broader spatial scale, pGV1512 was not detected in V. crassostreae strains isolated from Northern Europe, where there are no high-density farming and only sporadic mortality events recorded (Waterman et al., 2008). Hence, pGV1512 distribution seems geographically restricted to high-density oyster farms and we suggest that aquaculture settings select higher virulent genotypes. In this sense, oyster may constitute a favorable niche for gene transfer and/or selection. Indeed, we showed that pGV1512 transfer in vibrios was enhanced in oyster compared to in vitro condition. However, to qualify oysters as a favorable niche for HGT, transfer of other plasmids need to be demonstrated. The fact that pGV1512 transfer is more frequent in the two populations in which the plasmid is naturally detected can indicate that it is more frequently transferred in those populations or that it is due to a selective advantage mediated by the plasmid in those populations. The selection of pGV1512 might be highlighted by comparing the in vivo transfer frequency of pGV1512 WT vs. pGV1512ΔX (ΔT6SS, ΔPx3…). If no difference of frequency is observed between the different plasmids, we could hypothesize that it is not selected. For those conjugation assays, I'm currently using a V. crassostreae donor strain. It could be interesting to test other donors to highlight a donor-effect that could promote plasmid transfers.

The facts that the production of oyster spat in hatcheries still requires an antibiotic treatment of genitors (E. Marissal, pers. com) and that MGE transfer might be enhanced in oyster constitute concerning conditions that could result in an increase in the risk of development of multi-resistant bacterial pathogens. First, MGE can simply carry resistance genes that will spread in the niche but these conditions are also favorable to the expression of the SOS response by the bacteria. This mechanism is induced when a high level of single-stranded DNA deriving from DNA damage or HGT is present in the cell. The SOS response controls genes involved in DNA damage repair and increases mutations and genetic exchanges [START_REF] Matic | Interspecies gene exchange in bacteria: the role of SOS and mismatch repair systems in evolution of species[END_REF][START_REF] Baharoglu | Conjugative DNA Transfer Induces the Bacterial SOS Response and Promotes Antibiotic Resistance Development through Integron Activation[END_REF]. Mutations acquired during DNA repair can lead to resistance to new substances [START_REF] Michel | After 30 Years of Study, the Bacterial SOS Response Still Surprises Us[END_REF]. For example, mutations induced by the SOS response of Escherichia coli is responsible for its resistance to ciprofloxacin [START_REF] Cirz | Inhibition of Mutation and Combating the Evolution of Antibiotic Resistance[END_REF].

Hence, multi-resistant strains and further transfer of resistance determinants to human pathogens constitute a threat for human health [START_REF] Defoirdt | Alternatives to antibiotics for the control of bacterial disease in aquaculture[END_REF].

Virulence of pGV1512 is dependent on a transcriptional regulator that activates a T6SS.

T6SSs are molecular machines involved in contact-dependent neighboring cell killing by injection of effector proteins to prokaryotic and eukaryotic preys [START_REF] Salomon | Type VI secretion system[END_REF].

T6SS effectors can be cytotoxic or induce cell membrane disruption in eukaryotes such as amoeba and macrophages [START_REF] Pukatzki | Identification of a conserved bacterial protein secretion system in Vibrio cholerae using the Dictyostelium host model system[END_REF]Pukatzki et al., 2007;[START_REF] Miyata | Vibrio cholerae requires the type VI secretion system virulence factor VasX to kill Dictyostelium discoideum[END_REF].

Cytotoxicity is attributed to the actin cross-linking domain of the VgrG1 effector, but this domain is absent from the T6SS of pGV1512. Another effector, VasX, has been shown to induce lysis of both eukaryotic and prokaryotic cells (Joshi et al., 2017). However, in V. crassostreae, pGV1512, and hence its T6SS, does not seem to play a role in hemocyte lysis (T. Rubio, pers. com). Further co-culture experiments with eukaryotic cells, notably grazers and WT or DT6SS strains could highlight T6SS-mediated selective advantages in some particular conditions.

T6SSs are also involved in inter-and intra-specific antibacterial activity and confer to bacteria a competitive advantage [START_REF] U-Unterweger | Constitutive type VI secretion system expression gives Vibrio cholerae intra-and interspecific competitive advantages[END_REF]. However, in vitro killing assay on more than 40 strains did not reveal any sign of T6SS-mediated competitive advantage. This result could indicate that the preys chosen for this experiment are not the target cells of this machinery. Isolation of commensals from healthy oyster and further killing assays are currently performed in the GV lab. On the other hand, several studies indicate that in vivo conditions might be necessary to highlight an effect of the T6SS. A recent study on V. cholerae notably showed that the severity of infection by the pathogen was dependent on the effect of the T6SS on commensal bacteria in the gut of Drosophila melanogaster. The T6SS of V. cholerae needs to be active against commensal bacteria to induce a T6SS-dependant killing of the host.

Removal of commensal bacteria or deletion of the T6SS attenuated host-killing by V. cholerae [START_REF] Fast | Commensal pathogen competition impacts host viability[END_REF]. In parallel, chitin fosters expression of the T6SS in V. cholerae (Borgeaud et al., 2015). Melanie Blokesch proposed that attachment to chitin might confer a "ready to fight" state to vibrios. Thus, following passive colonization of marine animals, through filterfeeding mode in oyster for example, chitinous-particle attached vibrios could directly be highly competitive against cells they encounter thanks to their T6SS [START_REF] Blokesch | Competence-induced type VI secretion might foster intestinal colonization by Vibrio cholerae: Intestinal interbacterial killing by competence-induced V. cholerae[END_REF]. To explore the role of this secretion system in antibacterial activity in vivo, we could compare the bacterial diversity, including microbiota and colonizers, in a recipient oyster batch before and after a cohabitation period with V. crassostreae with or without the T6SS. If the T6SS confers a competitive advantage in oysters, preys should be identified. pGV1512 shows a narrow distribution, indicating that it constitutes a selective advantage only for a few populations in which it is detected at high frequency. Determining the mode of action of the T6SS might give clues that could explain the plasmid specific distribution. Indeed, the T6SS could be involved in killing a population/species whose presence is necessary for survival of other Vibrio populations. Another hypothesis is that an element from the core genome of the populations possessing pGV1512 might play a critical role in virulence regulation. Although pGV1512 is able to enhance virulence of numerous strains in injection, a natural process of infection could once again reveal more contrasting effects.

V Advantages and limitations of the oyster Crassostreae gigas as a model of infection

Disease dynamics in the wild are influenced by a number of ecological and evolutionary factors not addressed by traditional laboratory-based characterization of pathogens. The Pacific oyster Crassostrea gigas has been proposed as a model to study the interaction between the environment, the pathogens, and the host in disease dynamics (Le Roux et al., 2016). First, whole genome sequence of the Pacific oyster is available [START_REF] Zhang | The oyster genome reveals stress adaptation and complexity of shell formation[END_REF]. Second, oyster antimicrobial effectors are well characterized [START_REF] Bachère | Insights into the anti-microbial defense of marine invertebrates: the penaeid shrimps and the oyster Crassostrea gigas[END_REF]Schmitt et al., 2010) and these genes can be manipulated as few genes have already been successfully silenced by RNA interference in C. gigas [START_REF] F-Fabioux | In vivo RNA interference in oyster--vasa silencing inhibits germ cell development[END_REF]. Disease resistance is inheritable (Degremont et al., 2015). Hence, genetic families of oysters (e.g. resistant or sensitive to a disease) can be produced in hatchery by genetic improvement that selects animals possessing the "best genes" to face or to be sensitive to a disease. Third, the recent development of specific-pathogen-free (SPF) oysters has enabled the assessment of the infection process in the field (Petton et al., 2013;2015a,b). Dynamics of mortalities and colonization by various infectious agents can thus be recorded. As reductionist approaches are necessary to explore the molecular mechanisms of virulence, SPF oysters can also be used for experimental infections in the laboratory with the possibility to compare hundreds of strains in parallel. Hence, although the exploration of infection by human requires heterologous systems such as mice or infant rabbits [START_REF] Bishop | Vibrio cholerae-induced inflammation in the neonatal mouse cholera model[END_REF][START_REF] Waldor | Infant Rabbit Model for Diarrheal Diseases[END_REF], SPF oysters constitute one of the rare models that allows: i) the isolation of infectious agents from the environment; ii) the exploration of the infection by these agents in mesocosms; iii) high throughput experimental infections. SPF oysters are not axenic and harbor their natural commensal flora, which can be considered as an asset of the model as it offers an opportunity to study the holobiont response to infection. An holobiont represents a complex ecosystem in which the host, the microbiota and the interactions among them are considered [START_REF] Pita | The sponge holobiont in a changing ocean: from microbes to ecosystems[END_REF]. Indeed, microbiota may be of prime interest in infection process as it may contribute or prevent infection success. In corals, some native commensal bacteria are able to inhibit infection by pathogenic vibrios by competing for space and nutrients. At higher temperature, the microbiota is not able to compete anymore and infection occurs [START_REF] Frydenborg | Temperature-dependent inhibition of opportunistic Vibrio pathogens by native coral commensal bacteria[END_REF]. It has also been suggested that, by altering the structure of its resident microbiota, corals can adapt to changing environmental conditions more rapidly than with a process depending on evolution/selection. This coral probiotic hypothesis has been proposed to explain how the coral Oculina patagonica became resistant to Vibrio shiloi, that was responsible for its necrotic bleaching in the past [START_REF] Rosenberg | The role of microorganisms in coral health, disease and evolution[END_REF]. In oysters, it has been shown that the microbiota assemblage is vulnerable to environmental disturbance [START_REF] Wegner | Disturbance induced decoupling between host genetics and composition of the associated microbiome[END_REF] but oysters with stable microbial communities appear more resistant to invasion by pathogens (Lokmer and Wegner, 2015). Overall, a holistic approach taking in consideration the whole community associated with the host [START_REF] Rosenberg | The role of microorganisms in coral health, disease and evolution[END_REF], its stability and the causes of disturbance, is necessary to fully understand a disease in particular when it is polymicrobial. On the other hand, the establishment of genetic lineages of oysters as well as axenic animals would constitute a suitable system to further disentangle the role of diverse pathogens in the progress of the disease.

One limit encountered in this project is that intra-muscular injection of bacterial cultures does not mimic the natural route of infection of vibrios. Infection by bathing, that consists in directly pouring bacterial culture into an aquarium containing oysters, does not lead to neither significant nor replicable mortality rates, although vibrios such as V. crassostreae are efficient in colonizing oysters (Bruto et al., 2017). This indicates that the infection process is more complex. A recent study showed that the adult oyster pathogen V. aestuarianus shed from diseased oysters was more virulent [START_REF] Parizadeh | Ecologically realistic model of infection for exploring the host damage caused by Vibrio aestuarianus[END_REF]. In this "ecologically realistic" setup, a donor batch of oysters was injected with V. aestuarianus. After 48h, the injected oysters were removed from the aquarium and another SFP oyster batch, the recipient one, was placed in the same aquarium containing contaminated seawater. Those conditions were necessary to induce deaths, suggesting that specific genes are induced in vivo and favor further infection, as it has previously been shown for V. cholerae [START_REF] Schild | Genes induced late in infection increase fitness of Vibrio cholerae after release into the environment[END_REF]. In our laboratory, a similar set-up with V. crassostreae as pathogen still did not induce juvenile oyster deaths. Considering that the presence of non-virulent strains in the recipient batch might promote disease onset (Lemire et al., 2015), we performed a cohabitation experiment between a donor batch injected with V. crassostreae and a recipient batch injected with a non-virulent strain and we finally recorded deaths among the recipient oysters. In spite of these promising results, this experiment showed a strong variability in oyster susceptibility to Vibrio infection. To reduce variability and to homogenize the disease induction, we could perform this experiment on chosen genetic families of SPF oysters for which sensitivity is high. In addition, preliminary experiments performed in the Destoumieux-Garzon laboratory show that the addition of OsHV-1 to an experimental Vibrio infection assay induces oyster mortalities (Destoumieux-Garzon pers. com), hence constituting a new method to induce mortalities without injection needed.

Altogether, Crassostrea gigas as a model of infection constitutes an advance in the exploration of disease ecology and illustrates how molecular biology (reductionist approach) and systems biology (holistic approach) are actually interdependent and complementary ways to study and make sense of complex phenomena [START_REF] Fang | Reductionistic and Holistic Science[END_REF].

General conclusion

In the marine environment, several Vibrio populations present a higher risk of virulence for oysters and seem to be involved in oyster diseases. In addition, oysters can act as a niche for horizontal gene transfer and selection of Vibrio with higher pathogenicity potential. Indeed, we observed that oyster-farming has selected V. crassostreae carrying the pGV1512 plasmid.

Increased virulence, colonization potential and probably fitness advantage conferred to V. crassostreae by this plasmid relies at least in part on a T6SS. This work provides several interesting perspectives for the future such as: i) exploring the T6SS molecular and cellular mechanisms of action, ii) deciphering the role of oysters as a niche for HGT and consequences for the spread of virulence or antibiotic resistance genes, iii) investigating the coincidental selection and the "sharing the weapons" hypotheses based on the identification of populationspecific genes. This project also provides important features for oyster disease management, such as population specific markers that can be used for epidemiological surveys or "ecofriendly" methods to control vibriosis in hatchery. In the context of global changes and demographic explosion, this project and future works will provide scientific knowledge to develop sustainable and safety production of food by aquaculture.
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 211 Figure 21Worldwide distribution of the Pacific oyster Crassostrea gigas

Figure 2 |

 2 Figure 2 | Global distribution of V.cholerae as an example for vibrio distribution. Triangles indicate where V.cholerae has been detected. Red triangles indicate O1/O139 detection, light blue triangles non-O1/non-O139 detection and dark blue triangles not specified. This map has been built on more than 30 studies. From Lutz et al., 2013.

Figure 3 |

 3 Figure 3 | View of the ocean at the microscale, emphasizing the heterogeneity of resources and related microbial interactions and distributions. Organic substrates diffuse from a range of sources, including zooplankton excretions (left), phytoplankton exudation (the "phycosphere") (top; bottom right), phytoplankton lysis (top right), and settling marine snow particles (center bottom). The last, in particular, can produce intense, comet-like plumes of dissolved matter. Approximate scale for the image: 1 cm. From Stocker and Seymour, 2012.

Figure 5 |

 5 Figure 5 | Flagellar structure of Vibrio. Schematic diagram of the structure of polar flagellum and lateral flagella in some Vibrio species. H,T,L,P,MS rings, stator and rotor constitute the basal body complex. The characteristics of the polar flagellum are the H ring and the T ring, shown in red. Adapted from Zhu et al., 2013.
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  and collaborators proposed to explore to what extent ecological differentiation is reflected by genetic diversification. To determine whether phylogenetic clusters are groups of strains sharing a common habitat, they applied an evolutionary model (AdaptML) to a collection of co-occuring Vibrionaceae isolated from coastal seawater at different time of the year (season) and in different seawater fraction of isolation (associated with large (L), intermediate, small (S)

Figure 8 |

 8 Figure 8 | The Vibrionaceae concatenated split network tree based on eight gene loci. The concatenated housekeeping genes are ftsZ, gapA, gyrB, mreB, pyrH, recA and topA. Clades are indicated by solid red lines, dotted red lines, or dotted black lines. From Sawabe et al., 2013.

  Habitat-specific loci and other regions phylogenyStrains isolated from small (S) seawater fraction

Figure 10 |

 10 Figure 10 | Ecological differentiation in recombining microbial populations (A) Example genealogy of neutral marker genes sampled from the S and L population(s) at different times. (B) Underlying model of ecological differentiation. Thin grey or black arrows represent recombination within or between

Figure 12 |

 12 Figure 12 | Schematic representation of competition by interference in relation toVibrio phylogeny and genetic distance. Competition by interference was assessed by growth inhibition assay in an allversus-all framework. Inter-population antagonism (black arrows) is more frequent than intrapopulation antagonism (pink arrow). Some strains can kill several strains or can be killed by several ones. Some strains are classified as super-killers if they can kill numerous other strains. This scheme only represents antagonism mediated by one population, but it can be generalized to the others. Adapted fromCordero et al., 2012a. 

Figure 14 |

 14 Figure 14 | Alginate degradation cascade of substrates varying in solubility and chain length. Vibrios diversified into different populations characterized by their ability to consume insoluble alginate polysaccharide and soluble alginate oligosaccharides of different chain lengths. Pioneers are specialized in consumption of native, insoluble alginate due to their endowment with broadcast alginate lyases. These enzymes can diffuse freely into the alginate gel and depolymerize the alginate into soluble oligosaccharides. Harvester populations with secreted but tethered alginate lyases can exploit the range of soluble alginate substrates including medium and small oligosaccharides liberated by pioneers. Scavenger populations devoid of any alginate lyases can only use the smallest alginate oligosaccharides. Adapted from Hehemann et al., 2016.

Figure 15 |

 15 Figure 15 | Schematic of the three processes of horizontal gene transfer. From Furuya and Lowy, 2006.
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 17 Figure 17 | Schematic representation of emergence and evolution of pandemic V. cholerae.Environmental V. cholerae strains possessing the right combination of VAPs acquired the toxin coregulated pilus and the cholera toxin via HGT. These HGT events lead to the emergence of the clonal pandemic group. Adapted from[START_REF] Islam | Emergence, ecology and dispersal of the pandemic generating Vibrio cholerae lineage[END_REF] 

Figure 18 |

 18 Figure 18 | Schematic representation of the plausible origin of the two pathogenic groups in V. parahaemolyticus. Based on articles cited in section V.B and focused on main virulence factors acquisition.

Figure 20 |

 20 Figure20 | Schematic representation of plasmid acquisition and composition in V. nigripulchritudo. pA possesses pathotype-specific genes and geographic-specific genes. pB is only found in HP strains from clade A. Adapted from[START_REF] Goudenège | Comparative genomics of pathogenic lineages of Vibrio nigripulchritudo identifies virulence-associated traits[END_REF] 

  , vibrioses affecting corals, sometimes inducing a bleaching phenomenon as well, result in irreversible necroses of the cnidarians. A

Fig. 4

 4 Fig.4Comparison of the R5.7 and R5.8 concatenated gene tree with the species tree for populations of the Splendidus clade. The species tree (right) was reconstructed based on an alignment of 707 concatenated core proteins and rooted with V. breoganii FF50. Both trees are represented without branch lengths and the outgroup is represented with a dashed line on the tree. Black points on branches indicate a support value above 80% based on the rapid bootstrap analysis

Fig. 5

 5 Fig.5Distribution, evolutionary history, and domain variation of the rtxACHBDE cluster in V. splendidus related to induced mortality in oysters. a The phylogenetic tree is based on an alignment of 2290 concatenated core genes. Weighted mortalities (WM, using V. crassostreae J2-9 mortality rate as a reference to evaluate variability between experiments) after injection in oysters (n = 20) are indicated by a color gradient from white (0%) to red (150%). The range of variability for J2-9 between experiments (50-90%, data not shown) was lower than the variability between populations. Gene presence and

Fig. 6 Fig. 7

 67 Fig.6Oyster mortality in response to experimental infection with V. splendidus wild-type strains and ∆rtxACHBDE derivatives. The rtxACHBDE locus was deleted in three V. splendidus strains (ZS_173, ZS_185, and ZS_213). Virulence of the wild type (wt) and derivative (∆) was compared after injection of strains (10 8 cfu/animal) in 20 oysters and counting the percentage of mortalities at 24H (y axis). Experiments were performed in duplicate and repeated twice. Two stars indicate highly significant differences between treatments (Wilcoxon test, p > 0.005)

  F13-like; (F12) Vibrio sp. nov; (F13) Vibrio sp. nov; (F16) V. tasmaniensis; (F18) V. splendidus. The tree was rooted with Photobacterium spp. and Enterovibrio spp. Populations of the Splendidus clade are grouped between the two arrows and population correspondence with Fig. 1 is indicated by the same color code

FIGURE 1 |

 1 FIGURE 1 | Progression of multiple infections of oysters under field conditions. Specific pathogen free (SPF) oysters were transferred to open seawater during a mortality outbreak. Cumulative mortalities were recorded daily (D0 to 57, x axis) and expressed in percentage (y axis, A). At different intervals, ten oysters were sacrificed, the total culturable bacterial (B) and Vibrio microbiota (C) were quantified (cfu/mg of tissues, y axis) by serial dilutions on Marine agar and TCBS, respectively. DNA was extracted from ground tissues and qPCR was performed to quantify the OsHV-1 load, expressed in Genome Unit per mg (GU/mg, y axis) of tissues (D).In(B-D), the lines indicate the average of 10 animals and dots the individual value.

FIGURE 3 |

 3 FIGURE 3 | Population structure and pathogenicity of vibrios isolated from naturally infected oysters. The hemolymph was collected from four naturally infected oysters that were still alive after 9 days (turquoise) or four animals that died within the first 24 h (violet) in the laboratory and vibrios were isolated on selective media. (A) Virulence superimposed on the phylogeny of vibrio isolates inferred by maximum likelihood analysis of partial hsp60 gene sequences (experiment 2, 29 July 2014). The outer ring indicates the % of mortalities obtained 24 h after oyster injection (brown bars > 50%; red bars < 50%). The inner ring indicates the origin of the strain, i.e., hemolymph of

FIGURE 4 |

 4 FIGURE 4 | Antibiotic treatment effect on disease expression and transmission. SPF oysters were exposed to natural seawater under field conditions and then returned to the laboratory. These animals (donor, in black) were maintained in cohabitation with SPF oysters (recipient, in red) in the

Figure 2

 2 Figure 2 Relative abundance of Vibrio populations predicted by AdaptML by sampling categories and date. The size of each circle is proportional to the relative abundance of a population in a sample category (normalized by the number of isolates in each fraction/oyster replicate to account for uneven sampling). Numbering of populations as in Figure 1. S, seawater fraction; O, oyster tissue (digestive gland, gi l l s, h emol ymp h an d r emai n i n g ti ssu es).

Figure 1

 1 Figure 1 Population structure prediction of Vibrionaceae bacteria recovered from different seawater fractions or oyster tissues in two seasons. (a) Phylogenetic tree of 1635 isolates based on partial hsp60 marker genes. The inner ring indicates whether a strain was isolated from a specific seawater fraction or from oysters while the outer ring represents the season of isolation. Ecological populations predicted by the A daptM L al gori thm (H unt et al ., 2008) are i denti fi ed by al ternati ng gray and purpl e shadi ng i f they passed an empi ri cal confi dence threshol d of 99.9% . (b) Cl adogram summari zi ng the normal i zed di stri buti on of each popul ati on across seasons, seawater fracti ons and oysters wi th onl y popul ati ons 4 10 members bei ng represented. A total of 17/ 24 popul ati ons were assi gned to a named taxon: V. orientalis (#1); V . forti s (#2); V . chagasi i (#3); V . harveyi (#5); V . crassostreae (#11); V . spl endi dus (#13 to 22), V . tasmani ensi s (#23 and 24). Other populations were designated Vibrio sp. due to lack of closely related reference species (that is, populations 4, 6 to 10 and 12).

Figure 4

 4 Figure 4 Experimental assessment of the mobilization of the pGV1512 plasmid through conjugative transfer, and its virulence implication in V. crassostreae. (a) Different genetic constructs used. First, the plasmid was cured in three V. crassostreae strains (J2-9; J2-9 ΔR1 and J5-20). Second, mobilization of the pGV1512 plasmid (modified with the insertion of a chloramphenicol resistance gene) was tested by assessing the possibility of conjugative transfer in J2-9ΔR1 (modified with the insertion of a specti nomyci n resi stance gene; see L emi re et al ., 2015, for detai l s). (b) V i rul ence assessment of the di fferent geneti c constructs (x-axi s) after i nj ecti on of strai ns (10 6 c.f.u. per animal) in 20 oysters and counting the percentage of mortalities (y-axis).
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  dramatic increase of conjugants in vivo may result from an enhancement of the transfer and/or selection of the plasmid in oyster. NB: To test whether the plasmid is selected and/or more frequently transferred in populations #11 and #24 compared to populations #12 and #23, several experiments are in progress/planned: In vivo and in vitro conjugation assays of pGV1512 wild-type or mutant forms (ΔT6SS, ΔT4SS, ΔCus/Cop, ΔPx2, ΔPx3) might highlight differential transfer frequency that could indicate a selective advantage mediated by some deleted plasmid region.

  7 cfu) were injected intramuscularly into oysters. The bacterial concentration was confirmed by conventional dilution plating on Zobell agar. After injection, the oysters were transferred to aquaria (20 oysters per aquarium of 2.5 l) containing 1 liter of aerated 5 µm-filtered seawater at 20°C, kept under static conditions. Mortality was assessed after 24 hours.RNASeq experiments5ml, 2ml and 1ml of pGV_ΔPx3 + pMRB_TR1512 and pGV_ΔPx3 + pMRB_GFP cultures were respectively taken off at OD 0.3, 0.6 and 1. RNA extraction was immediately performed on the different samples using TRIzol Reagent and following manufacturer's protocol (Invitrogen). Samples from the 3 OD per condition were pooled in an equimolar manner and a DNase treatment was performed on the pools using DNA-free DNA Removal kit and following manufacturer's instruction (Invitrogen). Experiments were performed in triplicates. RNASeq library construction and sequencing were performed by the Plateforme de Séquençage Haut Débit I2BC-UMR9198. Directional cDNA libraries were sequenced on Illumina Nextseq 500Mid, in paired-end reads of 2x75bp. Data treatment and mapping to the V. crassostreae strain J2-9 reference genome was performed using the TAMARA pipeline hosted by the MAGE platform.

Figure 3

 3 Figure 3 Experimental assessments of pGV1512 loci as virulence determinants. A. Circular representation of the V. crassostreae strain J5-20 pGV1512 plasmid and the different loci tested for virulence. The inner circles show the open reading frames encoding replication and partitioning; a type 4 secretion system (T4SS); Cus/Cop and regulators; a type 6 secretion system (T6SS); Px1 to 3 regions

Figure 4

 4 Figure4Expression and predictions on regulation of the type 6 secretion system. A. Genetic organization of the T6SS with differential expression of each gene (condition with overexpression of the regulator versus overexpression of the GFP) indicated above. Black genes indicate the boundaries and the X recombination sites for the suicide plasmid used to delete the complete T6SS. B. Prediction of the putative binding site for the PX3-2.5 transcription factor in the promoter region localized between vgrG and vasJ using RSAT and 10/-35 boxes using BPROM. The ability of the promoter to express genes on both directions will be assessed by cloning this region in a replicative plasmid containing a gfp upstream and a dsRed downstream. C. Fluorescence microscopy of V. cholerae strains containing the transcriptional regulator under control of an arabinose inducible promoter and the genetic construct described above. Expression of GFP and DsRed was assessed by the presence of fluorescent cells when arabinose was added.

Figure 5

 5 Figure 5Conjugation frequency after in vitro mating or injection to oysters. The frequency corresponds to the ratio between conjugants (Cm R and Sp R ) and recipient (Sp R ). Conjugation was performed by in vitro mating (left graph) and by injection to oysters (i.e in vivo mating, right graph) for different strains from populations #11, #12, #23 and #24, following the same color code than in Figure1. In vitro and in vivo conjugation assays have been performed on 4 or 5 strains per populations and in triplicates. Different letters indicate significant differences in conjugation frequency between populations.

Figure S2 Figure S5

 S2S5 Figure S2 Differential expression of target genes in cultures of J2-9 ΔPx3 + pMRB-PLACPx3-2.5 (orange bars) or ΔPx3 + pMRB-PLACgfp (green bars) at DO 0,3/0,6/1 (light to dark bars). Y axis is the ratio of the target genes expression on gyrA expression used to normalize the qPCR assays.

Figure 1 |

 1 Figure 1 | Schematic representation of gene acquisition and loss in the Splendidus clade and V. ordalii. Strain virulence is indicated by a color gradient, from green (non-virulent strain) to red (highly virulent strain).

  

  

  

Table S2 :

 S2 Features of genomes sequenced in the present study Strains used in the present study

	Name	Description				Reference
	PIR2	(F-) ∆lac169 rpoS(am) robA1 creC510 hsdR514 endA	Invitrogen, USA
		recA1 uidA(∆Mlu I)::pir		
	b3914	b2163 gyrA462, zei298::Tn10 [Km R Em R Tc R ]	Le Roux et al., 2007
	Population Strain BL21 F -ompT hsdSB(rB -mB -) gal dcm (DE3) Number of Genome Number of Accession Novagen, USA
	(DE3)	name	contigs	size (Mb) CDSs	number
	F12 GV1300	10N.286.45.A3 126 BL21 (DE3) + pFO4_GFP_R5-7crass 5.48	5124	PIGF00000000 This study
	GV1549	10N.286.46.E10 134 BL21 (DE3) + pFO4_GFP_R5-7F12 5.39	5009	PIGE00000000 This study
	TOP10	10N.286.48.B8 60 F-mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 5.23 4822	PIGD00000000 Invitrogen, USA
		10N.286.51.C3 50 recA1 araD139 Δ(ara-leu)7697 galU galK rpsL(Str R ) 5.19 4758	PIGC00000000
		ZF 223 endA1 nupG	32	5.15	4727	PIGB00000000
	F18 GV1460	1F_55 J2-8 (Vibrio sp. nov F13-like) 117	5.74	5349	PIGA00000000 Lemire et al., 2015
	GV1422	1S_113 J2-9 (V. crassostreae) 62	5.33	4842	PIFZ00000000 Lemire et al. 2015
	GV1495 GV1040 GV1826	1S_129 1S_14 J2-9 DR5.7 1S_146 10N.286.48.B8 (hereafter named B8) 84 5.36 41 5.33 73 5.40 1S_296 48 5.40 B8 DR-a	4875 4833 4934 4905	PIFY00000000 Lemire et al., 2015 PIFX00000000 Hunt et al., 2008 PIFW00000000 PIFV00000000
		5S_122	94	5.51	4998	PIFU00000000
		5S_210	41	5.28	4982	PIFT00000000
		5S_226	67	5.34	5070	PIFS00000000
		5S_238	68	5.41	4861	PIFR00000000
		5S_245	60	5.31	4781	PIFQ00000000
		5S_272	105	5.35	4853	PIFP00000000
		5S_279	69	5.40	4914	PIFO00000000
		5S_283	57	5.33	5050	PIFN00000000
		5S_57	53	5.41	5106	PIFM00000000
		FF_139	196	5.84	5641	PIFL00000000
		FF_144	195	5.90	5616	PIFK00000000
		ZS_107	56	5.46	4920	PIFJ00000000
		ZS_117	101	5.35	4847	PIFI00000000
		ZS_138	90	5.34	4865	PIFH00000000
		ZS_173	58	5.49	4906	PIFG00000000
		ZS_181	69	5.28	4968	PIFF00000000
		ZS_183	64	5.35	4841	PIFE00000000
		ZS_185	102	5.45	4960	PIFD00000000
		ZS_198	82	5.39	4873	PIFC00000000
		ZS_2	80	5.47	4966	PIFB00000000
		ZS_211	270	5.56	5282	PIFA00000000
		ZS_213	96	5.47	4953	PIEZ00000000
		ZS_58	78	5.37	4869	PIEY00000000
		ZS_82	53	5.38	5089	PIEX00000000
		ZS_90	46	5.38	5085	PIEW00000000
		ZF_41	87	5.74	5310	PIEV00000000

Table S4 :

 S4 This study pMRB-PLACR-5.7 F12 oriVR6Kg ; oriTRP4; oriVpB1067 ; PlacR-5.7 F12 [Cm R ] This study Primers used in this study

	Use	Name	Sequence 5'-3' a
	pMRB-PLACGFP	oriVR6Kg ; oriTRP4; oriVpB1067 ; PlacGFP [Cm R ]	Bruto et al., 2016
	pFO4	Amp R , T7lac promoter, His.Tag	Groisillier et al., 2010
	pFO4-R5.7F12	pFO4-HisTag-GFP-R5.7F12	This study
	pFO4-R5.7crass	pFO4-HisTag-GFP-R5.7crass	This study

  SPF oysters were maintained in Bay of Brest (Pointe du Château, 48 • 20 ′ 06.19 ′′ N, 4 • 19 ′ 06.37 ′′ W) during a disease outbreak (seawater temperature > 16

TABLE 1 |

 1 Cohabitation experiments performed for 30 days with juvenile oysters collected in six different geographic areas as donors and 3months-old-SPFoystersasrecipients(nd,notdetected;d,detected).

	Donors

replication in C. gigas infected by injection. Hence developing poly I:C and/or RNA interference approaches

(Labreuche and Warr, 2013; Huvet et al., 2015)

i no y s t e r sw o u l db eo fp r i m e interest to decipher the direct role of this virus in the disease process.

TABLE 2 |

 2 Cohabitation experiments performed for 30 days with farmed or wild adults sampled in 4 different geographic areas as donors and 3-, 6-, and 15-months-old SPF oysters as recipients.

	Donors

Table S4 :

 S4 Plasmids used in this study

	Plasmid	Description			Reference
	pSW23T	oriVR6K ; oriTRP4; Cm R			(Demarre et al., 2005)
	pSW23T::Fvir	pSW23T :: (2700-3400) pGV1512 Cm R	Summer	This study
	Category pSW7848T	17 March oriVR6K ; oriTRP4; araC-PBADccdB; Cm R 5 May 16 July	July (Val et al., 2012)
	> 60 µM pSW7848T::Fvir pSW7848T :: (2700-3400) pGV1512 Cm R 30 32 22	This study
	60-5 µM pSW3654T	20 pSW23T :: (II900891-901985) LGP32, PLAC-gfp Cm R (Duperthuy et al., 2011) 34 24
	5-1 µM pSWdcus/copT	36 pSW7848T:: Dcus/cop	35	21	This study
	1-0.2 pSWdT4SST M	43 pSW7848T:: DT4SS	42	28	This study
	Digestive gland pSWdT6SST	61 pSW7848T :: DT6SS	86	90	This study
	Gills pSWdPx1T	32 pSW7848T :: DPx1	68	79	This study
	Hemolymph Total tissues pSWdPx2	32 64 pSW7848T :: DPx2	37 80	83 90	This study
	pSWdPx3	pSW7848T :: DPx3			This study
	pMRB-PLACgfp	oriVR6K; oriTRP4; oriVpB1067 ; PLAC-gfp Cm R	(Le Roux et al., 2011)
	pMRB-PLACrfp	oriVR6K; oriTRP4; oriVpB1067 ; PLAC-rfp Cm R	(Le Roux et al., 2011)

Table S5 :

 S5 Primers used in this study

	Primer	Sequence 5'-3'

Table S6 :

 S6 Preferential distribution of Vibrio populations among seawater fractions and oysters estimated by Fisher's exact test

		Fractions				Oysters
		> 60µM	60-5 µM	5-1 µM	< 1µM	
	V. orientalis (#1)	+	o	o	-	-
	V. fortis (#2)	o	o	o	o	o
	V. chagasii (#3)	o	o	o	+	o
	Vibrio sp.(#4)	o	o	+	o	o
	V. harveyi (#5)	o	o	o	o	+
	Vibrio sp. (#6)	o	o	o	o	+
	Vibrio sp. (#7)	o	o	o	o	+
	Vibrio sp. (#8)	o	o	o	o	+
	Vibrio sp. (#9)	o	+	o	o	o
	Vibrio sp. (#10)	o	o	o	o	o
	V. crassostreae (#11) -	-	-	-	+
	Vibrio sp. (#12)	o	o	o	o	+
	V. splendidus (#13)	o	o	o	o	o
	V. splendidus (#14)	o	o	o	o	o
	V. splendidus (#15)	o	o	o	o	o
	V. splendidus (#16)	o	o	o	o	o
	V. splendidus (#17)	o	o	o	o	+
	V. splendidus (#18)	o	o	+	o	o
	V. splendidus (#19)	o	o	o	o	+
	V. splendidus (#20)	o	o	o	+	o
	V. splendidus (#21)	o	o	o	+	o
	V. splendidus (#22)	o	o	o	o	o
	V. tasmaniensis (#23) o	o	o	o	+
	V. tasmaniensis (#24) o	o	o	o	+

Table S7 :

 S7 Preferential distribution of populations (n>10) among oysters gills, digestive glands and hemolymph samples.

	Figures			
	Figure S1:			
		Gills	Digestive gland	Hemolymph
	V. fortis (#2)	o	o	-
	V. chagasii (#3)	-	+	o
	Vibrio sp.(#4)	o	+	o
	V. harveyi (#5)	o	o	o
	Vibrio sp. (#6)	+	-	o
	Vibrio sp. (#7)	o	o	o
	Vibrio sp. (#8)	+	-	o
	Vibrio sp. (#9)	o	o	o
	V. crassostreae (#11)	+	-	+
	Vibrio sp. (#12)	o	o	o
	V. splendidus (#13)	o	o	o
	V. splendidus (#14)	o	o	o
	V. splendidus (#17)	o	o	o
	V. splendidus (#18)	o	o	o
	V. splendidus (#19)	o	+	-
	V. splendidus (#23)	o	o	o
	V. splendidus (#24)	o	o	o

Clustering of the 16 sample categories isolates were obtained from based on distribution of taxa.

  Each hsp60 sequences was assigned to a taxon by phylogenetic placement

	using pplacer (Matsen et al., 2010). The different sample categories (fractions, oyster tissues and
	seasons) are represented by a histogram showing distribution of taxonomic classification. The
	sample categories are clustered using distribution similarity of taxa as implemented in the Squash
	method from pplacer.			
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  pMRB plasmid (pMRB-Sp R ) by in vitro mating from an E. coli donor; iii) the successful transfer (red circle) of a chloramphenicol resistance marked pGV1512 plasmid by in vitro mating from a V. crassostreae donor (strain J2-9, pGV1512-Cm R ). Populations that naturally possess pGV1512(#11 and #24) and their closest phylogenetic neighbors(#12 and #23) are highlighted by a colored circle containing their population number. B. Histograms representing the mortality rate of strains from all populations with (plain) or without (hatched, numerous strains induced 0% mortality) pGV1512. The xaxis indicates the population number and the y-axis indicates the mortality percentage of oysters 24h after injection. This experiment has been done twice in duplicates. Asterisks indicate population in which pGV1512 induce a significantly higher virulence. The presence of the pGV1512 plasmid is correlated with the geographic origin and virulence of V. crassostreae strains. A. Phylogenetic tree of 89 V. crassostreae isolates based on the gyrB/rctB/rpoD markers. Dark/light greys indicate the two clades within the species. Rings from inside to outside indicate i) the geographic origin of the isolates (Brest, black square; Sylt, beige square); ii) the presence (blue circle) or absence (white circle) of pGV1512-like plasmid detected by repB PCR; iii) the mortality rate (color gradient from green to red corresponding to 0 to 100%) induced by individual strains 24h after injection in oysters (n=20). Experiments were performed in duplicate with two distinct oyster batches. Strains from Sylt that will be used to test the implication of pGV1512 on virulence are indicated by a yellow star. B. Schematic representation of the different genetic constructs used to test the implication of pGV1512 on the virulence of Sylt strains. First, a Sp R marked pMRB plasmid was transferred from a E. coli donor to recipients. Second, the pGV1512 plasmid (modified with the insertion of a chloramphenicol resistance gene, pGV_Cm R ) was transferred in pMRB_spR recipients from V.
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Table S1

 S1 Strains representative of the 24 populations of Vibrio isolated in an oyster farm in Brest (Figure1).

		Strains details			pGV1512 detected by
	Taxonomic species		GV				
	(#Population N°)	Name	collection Fraction Sampling date PCR repB Sequences
		8Z_12	2277	>60 µM August 2014	-	nd
		8Z_27	2278	>60 µM August 2014	-	nd
	V. orientalis (#1)	8F5_42	2279	60-5 µM August 2014	-	nd
		8T3_10	2280	Oyster	August 2014	-	nd
		8H6_11	2281	Oyster	August 2014	-	nd
		8P_44	2282	1-0.2 µM August 2014	-	nd
		8T1_4	2283	Oyster	August 2014	-	nd
	V. fortis (#2)	8D2_6	2284	Oyster	August 2014	-	nd
		8D3_12	2285	Oyster	August 2014	-	nd
		8G1_7	2286	Oyster	August 2014	-	nd
		8T1_3	2287	Oyster	August 2014	-	-
		8T2_11	2288	Oyster	August 2014	-	-
	V. chagasii (#3)	8T3_5	2289	Oyster	August 2014	-	-
		8T4_11	2290	Oyster	August 2014	-	-
		8T8_6	2291	Oyster	August 2014	-	nd
		7T1_3	2292	Oyster	July 2014	-	-
		7T6_3	2293	Oyster	July 2014	-	-
	V. jasicida (#4)	8D2_11	2294	Oyster	August 2014	-	-
		8D4_1	2295	Oyster	August 2014	-	nd
		8H7_6	2296	Oyster	August 2014	-	-
		7G5_1	2297	Oyster	July 2014	-	-
		7H5_2	2298	Oyster	July 2014	-	-
	V. rotiferianus (#5)	8T1_2	2299	Oyster	August 2014	-	-
		8T5_6	2300	Oyster	August 2014	-	-
		8T6_4	2301	Oyster	August 2014	-	-
	Vibrio sp. nov (#6)	7F5_19	2302	60-5 µM July 2014	-	nd

Table S3

 S3 Vibrio crassostreae strain isolated in Brest and Sylt, sequence by MLST (gyrB, rpoD and rctB), screened for pGV1512 repB gene presence and used for experimental infection (Figure2).

	8T2_10	Brest	August 2014	Oyster	0	5.0	7.1	12.5	3.5
	8T2_4	Brest	August 2014	Oyster	1	67.5	3.5	57.5	3.5
	8T5_10	Brest	August 2014	Oyster	1	75.0	14.1	57.5	3.5
						Oyster batch 1	Oyster batch 2
	8T5_11	Brest	August 2014	Oyster	1	27.5	10.6	15.0	0.0
	Strains 8T7_10	Isolation site Brest	Isolation date Fraction August 2014 Oyster	Plasmid presence 1	Mortality (%) 35.0	Standard deviation 7.1	Mortality (%) 62.5	Standard deviation 10.6
	16BF1_28 8T7_11	Brest Brest	July 2016 August 2014	1-5 µM Oyster	0 0	20.0 22.5	14.1 3.5	15.0 2.5	7.1 3.5
	16BF1_56 8T7_4	Brest Brest	July 2016 August 2014	1-5 µM Oyster	1 1	70.0 90.0	14.1 7.1	72.5 97.5	3.5 3.5
	16BF1_95 8T8_11	Brest Brest	July 2017 August 2014	1-5 µM Oyster	0 0	5.0 2.5	0.0 3.5	2.5 7.5	3.5 10.6
	16BF5_48 8T8_2	Brest Brest	July 2018 August 2014	5-1 µM Oyster	1 1	72.5 60.0	17.7 0.0	67.5 82.5	17.7 10.6
	7F5_27 8T8_7	Brest Brest	July 2014 August 2014	5-1 µM Oyster	1 1	40.0 70.0	21.2 0.0	45.0 72.5	7.1 3.5
	7G1_1	Brest	July 2015	Oyster	0	0.0	0.0	5.0	7.1
	7P_6	Brest	July 2016	1-0.2 µM	0	7.5	0.0	3.5	0.0
	7T1_10	Brest	July 2017	Oyster	1	30.0	0.0	67.5	3.5
	7T1_12	Brest	July 2018	Oyster	1	70.0	7.1	80.0	14.1
	7T3_1	Brest	July 2019	Oyster	1	65.0	7.1	80.0	14.1
	7T4_11	Brest	July 2020	Oyster	1	60.0	14.1	67.5	3.5
	7T4_12	Brest	July 2021	Oyster	1	72.5	3.5	35.0	7.1
	7T5_9	Brest	July 2022	Oyster	1	52.5	3.5	57.5	3.5
	7T6_10	Brest	July 2023	Oyster	1	67.5	3.5	70.0	7.1
	7T8_1	Brest	July 2024	Oyster	1	60.0	7.1	82.5	3.5
	7T8_11	Brest	July 2025	Oyster	1	65.0	7.1	65.0	7.1
	8F5_39	Brest	August 2014 5-1 µM	0	7.5	10.6	5.0	7.1
	8H1_4	Brest	August 2014	Oyster	0	10.0	7.1	10.0	7.1
	8T1_12	Brest	August 2014	Oyster	1	45.0	7.1	50.0	21.2
	8T2_1	Brest	August 2014	Oyster	1	92.5	3.5	97.5	3.5

Table S6

 S6 Plasmids used and constructed in this study

	Table S7 Primers used in this study	
	Plasmid Primer	Description Sequence 5'-3'	Reference
	pSW23T hsp60F	oriVR6K ; oriTRP4; Cm R GAATTCGAIIIIGCIGGIGAYGGIACIACIAC	(Demarre et al., 2005)
	pSW23T::pGV hsp60R	pSW23T :: (2700-3400) pGV1512 Cm R CGCGGGATCCYKIYKITCICCRAAICCIGGIGCYTT	(Bruto et al., 2017)
	pSW7848T gyrBF	oriVR6K ; oriTRP4; araC-PBADccdB; Cm R GAAGTCATCATGACCGTTCTGCAYGCNGGNGGNAARTTYRA (Val et al., 2012)
	pSW7848T::pGV gyrBR	pSW7848T :: (2700-3400) pGV1512 Cm R AGCAGGGTACGGATGTGCGAGCCRTCNACRTCNGCRTCNGYCAT (Bruto et al., 2017)
	pSWdT6SS rctBF	pSW7848T :: DT6SS CAGGAAACAGCTATGACCATHGARTTYACNGAYTTYCARYTNCAY This study
	pSWdPx2 rctBR rpoDF	pSW7848T :: DPx2 GATAAACGACGGCCAYTTNCTYTGHATNGGYTCRAAYTCNCCRT This study ACGACTGACCCGGTACGCATGTAYATGMGNGARATGGGNACNGT
	pSWdPAAR rpoDR	pSW7848T :: DPAAR ATAGAAATAACCAGACGTAAGTTNGCYTCNACCATYTCYTTYTT This study
	pSWdPx3-1 repF	pSW7848T :: DPx3-1 CCTCTCTCGACTACACGAAG	This study
	pSWdPx3-2 repR	pSW7848T :: DPx3-2 CATGCAACTTCATTCCAGGC	This study
	pSWdPx3-3 SW	pSW7848T :: DPx3-3	This study
	pSWdTR1512	pSW7848T :: DTR1512	This study
	pMRB-PLACgfp	oriVR6K; oriTRP4; oriVpB1067 ; PLAC-gfp Cm R	(Le Roux et al., 2011)
	pMRB-PLACTR1512 oriVR6K; oriTRP4; oriVpB1067 ; PLAC-TR1512 Cm R This study
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GV1633 7T5-8, V. cyclitrophicus This study GV1634 7T2-5, V. crassostreae This study GV1635 7T8-11, V. crassostreae This study GV1636 7T7-1, V. crassostreae This study GV1637 8D7-1, V. crassostreae This study GV1638 8H2-1, V. crassostreae This study GV1639 8H8-3, V. crassostreae This study GV1476 J2-9 + pMRB-PLACgfp This study GV1478 J2-9 + pMRB-PLACrfp This study GV1488 J5-20 + pMRB-PLACgfp This study GV1490 J5-20 + pMRB-PLACrfp This study GV1470 J2-8 + pMRB-PLACgfp This study GV1471 J2-8 + pMRB-PLACrfp This study GV1398 7T5-8 + pMRB-PLACgfp This study GV1397 7T5-8 + pMRB-PLACrfp This study GV1474 J2-9DpGV1512+ pMRB-PLACgfp This study GV1475 J2-9DpGV1512+ pMRB-PLACrfp This study GV1472 J5-20DpGV1512+ pMRB-PLACgfp This study 117 GV1473 J5-20DpGV1512+ pMRB-PLACrfp This study GV1440 J5-20 DpGV1512 This study GV1438 J2-9 DpGV1512 This study GV1436 J2-9 DR1::(aadA7), DpGV1512 [Spec R ] This study GV1424 J5-20 pGV1512-Tr::pSW23T [Cm R ] This study GV1458 GV1436 + pGV1512::pSW23T [Spec R Cm R ] This study GV1539 J5-20 pGV1512-DT6SS::(aadA7) [Spec R ] This study GV1589 J5-20 pGV1512-Dcus/cop-Tr::pSW23T [Cm R ] This study GV1593 J2-9 pGV1512-DT4SS-Tr::pSW23T [Cm R ] This study GV1506 J2-9 pGV1512-DPx1 This study GV1538 J2-9 pGV1512-DPx2 This study GV1542 J2-9 pGV1512-DPx3 This study GV1537 J5-20 pGV1512-DPx2 This study GV1598 J5-20 :: pSW23T :: (II900891-901985) LGP32, PLAC-gfp Cm R DpGV1512 This study GV1596 J5-20 :: pSW23T :: (II900891-901985)

LGP32, PLAC-gfp Cm R DpGV1512 This study GV2871 GV2297+ pMRB_Sp R This study GV2867 GV2298+ pMRB_Sp R This study GV2529 GV2299+ pMRB_Sp R This study GV2530 GV2300+ pMRB_Sp R This study GV2872 GV2301+ pMRB_Sp R This study GV2531 GV2302+ pMRB_Sp R This study GV2532 GV2304+ pMRB_Sp R This study GV2533 GV2305+ pMRB_Sp R This study GV2534 GV2306+ pMRB_Sp R This study GV2535 GV2307+ pMRB_Sp R This study GV2536 GV2308+ pMRB_Sp R This study GV2537 GV2309+ pMRB_Sp R This study GV2538 GV2310+ pMRB_Sp R This study GV2539 GV2311+ pMRB_Sp R This study GV2553 GV2312+ pMRB_Sp R This study GV2540 GV2313+ pMRB_Sp R This study GV2541 GV2314+ pMRB_Sp R This study GV2542 GV2315+ pMRB_Sp R This study GV2543 GV2316+ pMRB_Sp R This study GV2554 GV2317+ pMRB_Sp R This study GV2555 GV2318+ pMRB_Sp R This study GV2556 GV2320+ pMRB_Sp R This study GV2558 GV2322+ pMRB_Sp R This study GV2559 GV2323+ pMRB_Sp R This study GV2560 GV2324+ pMRB_Sp R This study GV2561 GV2325+ pMRB_Sp R This study GV2562 GV2326+ pMRB_Sp R This study GV2563 GV2327+ pMRB_Sp R This study GV2564 GV2330+ pMRB_Sp R This study GV2565 GV2331+ pMRB_Sp R This study GV2884 GV2332+ pMRB_Sp R This study GV2885 GV2333+ pMRB_Sp R This study GV2568 GV2334+ pMRB_Sp R This study GV2886 GV2335+ pMRB_Sp R This study GV2336 GV2336+ pMRB_Sp R This study GV2569 GV2339+ pMRB_Sp R This study GV2570 GV2340+ pMRB_Sp R This study GV2571 GV2341+ pMRB_Sp R This study GV2572 GV2343+ pMRB_Sp R This study GV2573 GV2345+ pMRB_Sp R This study GV2574 GV2346+ pMRB_Sp R This study GV2575 GV2349+ pMRB_Sp R This study GV2576 GV2351+ pMRB_Sp R This study GV2577 GV2353+ pMRB_Sp R This study GV2578 GV2355+ pMRB_Sp R This study GV2579 GV2359+ pMRB_Sp R This study GV2580 GV2360+ pMRB_Sp R This study GV2581 GV2361+ pMRB_Sp R This study GV2582 GV2363+ pMRB_Sp R This study GV2583 GV2365+ pMRB_Sp R This study GV2584 GV2366+ pMRB_Sp R This study GV2585 GV2367+ pMRB_Sp R This study GV2586 GV2369+ pMRB_Sp R This study GV2587 GV2370+ pMRB_Sp R This study GV2588 GV2371+ pMRB_Sp R This study GV2589 GV2372+ pMRB_Sp R This study GV2590 GV2373+ pMRB_Sp R This study GV2591 GV2375+ pMRB_Sp R This study GV2592 GV2376+ pMRB_Sp R This study GV2593 GV2377+ pMRB_Sp R This study GV2594 GV2378+ pMRB_Sp R This study GV2595 GV2379+ pMRB_Sp R This study GV2596 GV2380+ pMRB_Sp R This study GV2597 GV2381+ pMRB_Sp R This study GV2598 GV2382+ pMRB_Sp R This study GV2599 GV2383+ pMRB_Sp R This study GV2600 GV2384+ pMRB_Sp R This study GV2601 GV2385+ pMRB_Sp R This study GV2602 GV2386+ pMRB_Sp R This study GV2603 GV2388+ pMRB_Sp R This study GV2604 GV2389+ pMRB_Sp R This study GV2605 GV2390+ pMRB_Sp R This study GV2606 GV2391+ pMRB_Sp R This study GV2694 GV2392+ pMRB_Sp R This study GV2695 GV2393+ pMRB_Sp R This study GV2696 GV2394+ pMRB_Sp R This study GV2610 GV2395+ pMRB_Sp R This study GV2644 GV2283+ pMRB_Sp R , pGV_Cm R This study GV2645 GV2287+ pMRB_Sp R , pGV_Cm R This study GV2646 GV2288+ pMRB_Sp R , pGV_Cm R This study GV2647 GV2299+ pMRB_Sp R , pGV_Cm R This study GV2878 GV2300+ pMRB_Sp R , pGV_Cm R This study GV2648 GV2307+ pMRB_Sp R , pGV_Cm R This study GV2649 GV2308+ pMRB_Sp R , pGV_Cm R This study GV2650 GV2309+ pMRB_Sp R , pGV_Cm R This study GV2651 GV2311+ pMRB_Sp R , pGV_Cm R This study GV2654 GV2312+ pMRB_Sp R , pGV_Cm R This study GV2938 GV2327+ pMRB_Sp R , pGV_Cm R This study GV2936 GV2330+ pMRB_Sp R , pGV_Cm R This study GV2847 GV2332+ pMRB_Sp R , pGV_Cm R This study GV2846 GV2334+ pMRB_Sp R , pGV_Cm R This study GV2849 GV2335+ pMRB_Sp R , pGV_Cm R This study GV2881 GV2336+ pMRB_Sp R , pGV_Cm R This study GV2675 GV2339+ pMRB_Sp R , pGV_Cm R This study GV2676 GV2343+ pMRB_Sp R , pGV_Cm R This study GV2677 GV2345+ pMRB_Sp R , pGV_Cm R This study GV2678 GV2346+ pMRB_Sp R , pGV_Cm R This study GV2679 GV2351+ pMRB_Sp R , pGV_Cm R This study GV2680 GV2359+ pMRB_Sp R , pGV_Cm R This study GV2681 GV2361+ pMRB_Sp R , pGV_Cm R This study GV2682 GV2365+ pMRB_Sp R , pGV_Cm R This study GV2683 GV2366+ pMRB_Sp R , pGV_Cm R This study GV2684 GV2370+ pMRB_Sp R , pGV_Cm R This study GV2661 GV2378+ pMRB_Sp R , pGV_Cm R This study GV2662 GV2379+ pMRB_Sp R , pGV_Cm R This study GV2663 GV2380+ pMRB_Sp R , pGV_Cm R This study GV2664 GV2381+ pMRB_Sp R , pGV_Cm R This study GV2665 GV2382+ pMRB_Sp R , pGV_Cm R This study GV2666 GV2383+ pMRB_Sp R , pGV_Cm R This study GV2667 GV2384+ pMRB_Sp R , pGV_Cm R This study GV2668 GV2388+ pMRB_Sp R , pGV_Cm R This study GV2669 GV2389+ pMRB_Sp R , pGV_Cm R This study GV2670 GV2390+ pMRB_Sp R , pGV_Cm R This study GV2423 GV2391+ pMRB_Sp R , pGV_Cm R This study GV2671 GV2392+ pMRB_Sp R , pGV_Cm R This study GV2877 GV2393+ pMRB_Sp R , pGV_Cm R This study GV2834 GV2394+ pMRB_Sp R , pGV_Cm R This study GV2835 GV2395+ pMRB_Sp R , pGV_Cm R This study GV1576 J2-9 pGV1512-cured + pMRB_Sp R This study GV2685 J2-9 pGV1512-cured 2381+ pMRB_Sp R , pGV_Cm R This study GV2693 J5-20 pGV1512-cured + pMRB_Sp R This study GV2843 J5_20pGV1512-cured 2381+ pMRB_Sp R , pGV_Cm R This study GV2697 J2-8 + pMRB_Sp R This study GV2842 J2-8 + pMRB_Sp R , pGV_Cm R This study GV2140 GV1664 (V. crassostreae from Sylt) This study GV2704 GV2140 + pMRB_Sp R This study GV2720 GV2140 + pMRB_Sp R , pGV_Cm R This study
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Material and methods

Production of "pathogen free" oysters (Specific Pathogen Free, SPF)

A pool of 90 genitors (wild seed collected in Fouras Bay, Marennes-Oléron, France) was transferred to the Ifremer facility located at Argenton (Brittany,France;48° 31' 16'' N,4° 46' 2''W) and treated for 6 days with chloramphenicol (8mg/L). For maturation induction, animals were held for 6 weeks in 500 L flow-through tanks with seawater enriched with a phytoplankton mixture at a constant temperature of 17°C. Seawater was treated with UV and filtered through 1 μm mesh. The daily mixed diet consisted of Tisochrysis lutea (CCAP 927/14) and Chaetoceros muelleri (CCAP 1010/3 1:1 in dry weight at a ratio equivalent to 6% of the oyster dry weight.

Once the oysters were reproductively mature, gametes from 90 individuals (≈1/3 males, 2/3 females), obtained by stripping, were mixed in a 5 L jar at 50 spermatozoids per oocyte (day 0).

The fertilized oocytes completed their embryonic development in 150 L tanks filled with 1 μm filtered and UV-treated seawater at 21°C for 48 h. The D-larvae (day 2) were then collected and reared in flow-through rearing systems at 25°C (Rico- Villa et al., 2008). At the end of the pelagic phase (day 15), all larvae were collected on a 100 μm sieve and allowed to settle on cultch.

Postlarvae were maintained in downwelling systems where they were continuously supplied with enriched seawater until the begininng of the experiments. In the larval and post-larval stages, the oysters were fed the same diet as the broodstock at a concentration of 1500 μm3 μl-1 [START_REF] Rico-Villa | Influence of food density and temperature on ingestion, growth and settlement of Pacific oyster larvae, Crassostrea gigas[END_REF]. Overall, two batches of standardized oyster seed (3 to 6 months old, 0.2 to 1.2 g wet mass) were produced for use in the experiments.

Juvenile disease have been previously associated with the presence of a herpes virus (OsHV-1 µvar) (Segarra et al., 2010) and bacterial populations of the genus Vibrio (Lemire et al., 2014).

Here the « pathogen free » status of animals was confirmed by i) the absence of OsHV-1 DNA detection by qPCR (Pepin et al., 2008); ii) a low Vibrio presence (~10 cfu/gr tissus) determined by isolation on selective culture medium (Thiosulfate-citrate-bile salts-sucrose agar, TCBS) (Petton et al., 2015). Finally all SPF oyster remained free of any abnormal mortality. 

Strains isolation and identification

Table S3: Strains used in this study. lacIQ,thi1,supE44,endA1,recA1,hsdR17,gyrA462,zei298 

Strain Description Reference

P3813

Oysters as a niche for horizontal gene transfer and pathogen emergence

Adèle James 1,2* , Damien Piel 1,2* , Maxime Bruto predicted to lead to a worldwide increase in bacterial-associated disease with ecosystem-wide impacts on humans and marine animals. Elevated host density due to farming is a likely factor involved in these diseases, especially as infectious agents often emerge after the acquisition of virulence genes by contact-dependent and contact-independent horizontal transfer events. The question therefore arises whether farmed animals can act as a niche for horizontal gene transfer and pathogen selection. Here we show that oyster farming has selected for the high prevalence of a virulence plasmid in specific Vibrio populations. Plasmid transfer and selection of vibrios carrying this plasmid is dramatically enhanced in oysters, although additional genomic background may be involved in the narrow host range of the plasmid observed in nature. This selection, as well as virulence, depends on a molecular killing device called the type VI secretion system together with a gene encoding its transcriptional activator. We propose that experimental infection, we observed that harboring pGV1512 increased the virulence of strains from diverse populations except V. fortis (#2), V. rotiferianus (#5), Vibrio sp. nov (#12) and V.

splendidus #14,#15 and #17 (Figure 1B), suggesting that virulence also depends on Vibrio genomic background. Similar to V. crassostreae strain, the plasmid was also a major virulence factor in V. splendidus #24 strains from Brest since plasmid curing resulted in virulence attenuation while virulence could be restored after pGV1512 mobilization in the cured strains (Figure 1B).

Virulence depends on a transcriptional activator that regulates a T6SS

A preliminary exploration of the virulence determinants carried by the pGV1512 plasmid led to the identification of a region that is localized between a conjugative apparatus (T4SS and relaxase) and a T6SS (PX3) and was shown to be necessary for the virulence ( 4). Deletion of sub-regions of Px3 (Figure 3A), followed by gene knockouts, led to the identification of a single gene (PX3-2.5, label VCR9J2v1_750086 in J2-9) that was necessary for virulence (Figure 3B).

When constitutively expressed in trans, this gene was sufficient to restore the virulence of the pGV_DPX3 mutant. The PX3-2.5 gene encodes for a putative transcriptional regulator. This transcriptional regulator contains two domains, a N-terminal domain with putative amidase function and C-terminal Helix-turn-helix DNA binding domain.

We hypothesized that this transcriptional regulator might induce virulence genes. To elucidate the target(s) of the PX3-2.5 regulon, we used RNAseq analysis to compare the transcriptomes of V. crassostreae strain J2-9 expressing either the transcriptional factor PX3-2.5 or the green fluorescent protein (GFP) as a control. Expression of PX3-2.5 resulted in changed mRNA levels of 62 predicted protein-coding genes (Log2Fold change >1, Table S4) of which 32 and 30 genes were down and up regulated, respectively in PX3-2.5-dependent manner. Only four genes localized in the J2-9 chromosome were up regulated. These genes encode for putative glycosyltransferase involved in cell wall biogenesis (VCR9J2v1_960127), a DedA family membrane protein that may be involved in homeostasis (VCR9J2v1_960126), a small heat shock protein ibpA previously associated in E. coli with protection against superoxide stress (VCR9J2v1_130062) and conserved hypothetical proteins. Within the plasmid, all 24 genes of the T6SS-encoding locus (16,17) were significantly up regulated in the strain expressing PX3-2.5 (Figure 4A). This result was further confirmed by qPCR (Figure S2).