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Copper homeostasis at the host vibrio interface: lessons from intracellular vibrio transcriptomics

Recent studies revealed that several vibrio species have evolved the capacity to survive inside host cells. However, it is still often ignored if intracellular stages are required for pathogenicity. Virulence of Vibrio tasmaniensis LGP32, a strain pathogenic for Crassostrea gigas oysters, depends on entry into hemocytes, the oyster immune cells. We investigated here the mechanisms of LGP32 intracellular survival and their consequences on the host-pathogen inter-action. Entry and survival inside hemocytes were required for LGP32-driven cytolysis of hemocytes, both in vivo and in vitro.

LGP32 intracellular stages showed a profound boost in metabolic activity and a major transcription of antioxidant and copper detoxification genes, as revealed by RNA sequencing. LGP32 isogenic mutants showed that resistance to oxidative stress and copper efflux are two main functions required for vibrio intracellular stages and cytotoxicity to hemocytes. Copper efflux was also essential for host colonization and virulence in vivo. Altogether, our results identify copper resistance as a major mechanism to resist killing by phagocytes, induce cytolysis of immune cells and colonize oysters. Selection of such resistance traits could arise from vibrio interactions with copper-rich environmental niches including marine invertebrates, which favour the emergence of pathogenic vibrios resistant to intraphagosomal killing across animal species.

Introduction

Vibrios have long been considered extracellular organisms. However, an increasing number of studies show that some vibrio strains have evolved cell invasive properties. The capacity to survive in host cells was reported for vibrio strains pathogenic for humans. Examples include Vibrio cholerae, which survives in mouse cell lines [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], and V. parahaemolyticus, which disrupts the intestinal epithelium [START_REF] Ritchie | Inflammation and disintegration of intestinal villi in an experimental model for Vibrio parahaemolyticusinduced diarrhea[END_REF] and can also invade and replicate in human HeLa cell line [START_REF] Zhang | Type III effector VopC mediates invasion for Vibrio species[END_REF][START_REF] De Souza Santos | Intracellular Vibrio parahaemolyticus escapes the vacuole and establishes a replicative niche in the cytosol of epithelial cells[END_REF]. Interestingly, in a few animal species, such vibrio intracellular stages have been associated with diseases. For example, the coral pathogens V. shiloi [START_REF] Rosenberg | The Vibrio shiloi/ Oculina patagonica model system of coral bleaching[END_REF]) and V. coralliilyticus [START_REF] Vidal-Dupiol | Innate immune responses of a scleractinian coral to vibriosis[END_REF] enter coral epithelial cells as part of their pathogenic process. Similarly, the oyster pathogen V. tasmaniensis LGP32 enters oyster immune cells, the hemocytes, and this is required for virulence in oysters [START_REF] Duperthuy | Use of OmpU porins for attachment and invasion of Crassostrea gigas immune cells by the oyster pathogen Vibrio splendidus[END_REF].

Survival in professional phagocytes requires evading or resisting the phagosome hostile environment. Multiple stresses are used by professional phagocytes to kill phagocytosed microorganisms [START_REF] Flannagan | Antimicrobial mechanisms of phagocytes and bacterial evasion strategies[END_REF].

The NADPH oxidase produces potent reactive oxygen species (ROS) which are delivered into the phagolysosome during its maturation together with a series of hydrolytic enzymes and antimicrobial peptides. Moreover, an acidic environment is created by accumulating protons in the lumen of the phagosome. This environment is both aggressive to the phagocytosed bacteria and optimal for the activity of the hydrolytic enzymes. Such microbicidal mechanisms are broadly conserved throughout evolution [START_REF] Boulais | Molecular characterization of the evolution of phagosomes[END_REF] and they have been well described in oyster hemocytes [START_REF] Bachere | The new insights into the oyster antimicrobial defense: cellular, molecular and genetic view[END_REF].

While vibrio intracellular stages have been associated with the expression of key virulence factors [START_REF] Ma | Translocation of a Vibrio cholerae type VI secretion effector requires bacterial endocytosis by host cells[END_REF][START_REF] Zhang | Type III effector VopC mediates invasion for Vibrio species[END_REF], it is still often unknown whether those stages play an essential role in pathological processes induced by vibrios. In the V. tasmaniensis LGP32/ oyster interaction, where vibrios behave as facultative intravacuolar pathogens [START_REF] Vanhove | Outer membrane vesicles are vehicles for the delivery of Vibrio tasmaniensis virulence factors to oyster immune cells[END_REF], a tight correlation has been found between entry into host immune cells and virulence in experimental infections [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]2011). We indeed previously showed (i) that the major outer membrane protein OmpU of LGP32 was required for efficient plasma opsonization, β-integrin recognition and subsequent entry into oyster hemocytes [START_REF] Duperthuy | Use of OmpU porins for attachment and invasion of Crassostrea gigas immune cells by the oyster pathogen Vibrio splendidus[END_REF] and (ii) that ompUdeletion mutants were strongly attenuated in terms of virulence [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]. We also observed important cell damages in hemocytes heavily loaded with LGP32 [START_REF] Vanhove | Outer membrane vesicles are vehicles for the delivery of Vibrio tasmaniensis virulence factors to oyster immune cells[END_REF], suggesting that phagocytosed LGP32 could be cytotoxic to oyster hemocytes. Supporting this hypothesis, some virulence factors were shown to be secreted by outer membrane vesicles released by LGP32 inside the phagosome [START_REF] Vanhove | Outer membrane vesicles are vehicles for the delivery of Vibrio tasmaniensis virulence factors to oyster immune cells[END_REF]. To the best of our knowledge, it is so far the only model in which invasion of professional phagocytes by vibrios has been so clearly associated with disease expression in vivo. Therefore, this model offers a great opportunity to decipher the causal relationships between intracellular stages and virulence in vibrios and decipher the molecular bases of vibrio survival in the hostile environment of the phagosome.

Here, we took advantage of this model to characterize vibrio intracellular stages and identify key functions required for vibrio intracellular survival in immune cells. LGP32 cytotoxicity was found to depend upon entry and survival in oyster hemocytes. By comparative transcriptomics, we identified antioxidant responses and copper efflux as functions highly induced intracellularly. Their key role in intracellular survival and cytotoxicity to host immune cells was demonstrated genetically. Altogether, our results identify copper homeostasis as a key player in the vibrio/phagocyte interaction and copper efflux as a major vibrio adaptive trait for oyster tissue colonization and virulence in oyster experimental infections.

Results

Phagocytosis and intracellular survival of LGP32 are required to induce cytolysis

Characterization of the V. tasmaniensis strain LGP32/ hemocyte interactions at the cellular level was performed by infecting primary cultures of oyster hemocytes maintained in sterile sea water (SSW) with GFP-expressing strains opsonized in oyster plasma. Plasma-opsonized LGP32 grew significantly in hemocyte co-cultures (P < 0.001), unlike the phylogenically related LMG 20012 T [START_REF] Thompson | Vibrio tasmaniensis sp. nov., isolated from Atlantic salmon (Salmo salar L.)[END_REF], an avirulent control strain used in our previous study [START_REF] Duperthuy | Use of OmpU porins for attachment and invasion of Crassostrea gigas immune cells by the oyster pathogen Vibrio splendidus[END_REF]; Fig. 1A). However, plasma-opsonized LGP32 was unable to grow in SSW in the absence of hemocytes (Fig. 1A), which showed that hemocytes are required to support the growth of LGP32 in such a nutrient-poor environment. The hemocyte/vibrio interaction was then monitored over the first 5 h of contact by epifluorescence microscopy. After a 1 h contact, oyster hemocytes were already heavily loaded with either LGP32 or LMG 20012 T . After 3 h, most LGP32 were intravacuolar but some bacteria-containing hemocytes harbouring cellular alterations had lost adherence: they were found in the culture supernatant together with some extracellular vibrios. After 5 h, no more LGP32containing hemocytes were adherent; several hemocytes were present in the supernatant and most of the LGP32 were extracellular (Figs 1B, Supporting Information Fig. S1). On the contrary, LMG 20012 T remained within hemocytes over the course of the experiment without any sign of hemocyte alteration. Therefore, LGP32 entry into hemocytes triggers a loss of hemocyte integrity leading to the release of LGP32 through cytolysis ∼5 h after phagocytosis.

To quantify the LGP32-induced cytolysis of hemocytes, we used the cell impermeant Sytox green DNA dye. In agreement with our microcopy data (Fig. 1B), 5 to 7 h after LGP32 phagocytosis, hemocyte monolayers generated a massive Sytox green fluorescent signal as opposed to LMG 20012 T (P < 0.001; Fig. 1C). Thus, alteration of hemocyte membrane integrity is observed after LGP32 phagocytosis. Remarkably, cytochalasin D, an inhibitor of F-actin polymerization that prevents phagocytosis, abolished LGP32-induced hemocyte cytolysis (Fig. 1C). We concluded that cytotoxicity of LGP32 towards oyster hemocytes is strictly dependent on phagocytosis. Altogether, those results show that intracellular LGP32 resists to the hemocyte killing machinery, and within few hours becomes cytotoxic, thereby promoting a hemocyte cytolysis that could sustain its own growth.

Antioxidant responses and metal homeostasis genes are highly expressed intracellularly

To identify the mechanisms involved in LGP32 resistance to the hemocyte killing machinery and phagocytosisdependent cytotoxicity, we used a global comparative RNAseq approach early after vibrio entry into hemocytes (1 h after phagocytosis). Transcripts of intracellular LGP32 were obtained from hemocyte monolayers and their relative level of expression was compared with that of transcripts of extracellular LGP32 obtained from vibrios kept in SSW alone. Out of 3230 genomic elements (not including rRNA genes), transcript levels of 1280 genes varied by more than fourfold in the intracellular condition, with a false detection rate of 5% in all triplicate conditions (Supporting Information Table S1; GEO Submission GSE73260). The RNAseq results were validated by qRTPCR for 84% of the tested genes on another set of three independent experiments (Supporting Information Fig. S2). RNAseq revealed a massive activation of LGP32 metabolism inside the hemocytes. Indeed, the three functional categories that gathered most of the differentially expressed genes were protein synthesis, carbon compound utilization and transport, and amino acid transport and metabolism. An important up-regulation of genes involved in glycogenesis, gluconeogenesis, TCA cycle, as well as in envelope, LPS and capsule biogenesis was also observed (Supporting Information Table S1; Table 1). Finally, stress response and metal homeostasis were functions highly impacted by the intracellular environment.

Copper efflux and antioxidant genes were the most highly induced in the intracellular environment. Indeed, among 34 genes overexpressed more than 50 times (i.e. 0.8% of the transcriptome; Table 2), five genes were involved in copper efflux: cusCBAF (VS_II0514, VS_II0515, VS_II0516, VS_II0517) and copA (VS_0768), which encode a RND-transporter and a P-type ATPase respectively. Three additional genes were involved in the antioxidant response, namely sodA (VS_2918) and ahpC/ ahpF (VS_2126, VS_2127), which encode a superoxide dismutase and an alkyl hydroperoxide reductase complex respectively. As RNAseq was performed in whole hemolymph, we evaluated the respective role of plasma versus the intracellular environment on the expression of candidate genes. As a control, vibrios were incubated in SSW for the same times. While the antioxidant genes ahpC and sodA were induced only after entry into hemocytes (P < 0.01), copper efflux genes copA and cusB were already induced in oyster plasma (P < 0.01). Still, after 1 h, copA expression remained 20 times higher in the intracellular condition than in the extracellular controls (P < 0.01; Fig. 2).

The antioxidant sodA gene is required for intracellular

To determine whether the antioxidant response was necessary for LGP32 intracellular survival and phagocytosisdependent cytotoxicity, we constructed deletion mutants lacking sodA (VS_2918) and ahpC (VS_2126). As a second copy of ahpC (VS_2126) referred to as tsa (VS_0593) was found in LGP32 genome (39.8% amino acid identity), we also constructed a ΔahpC/tsa double mutant. Deletions were confirmed by PCR and sequencing (Supporting Information Fig. S3). Growth in Zobell medium or plasma and phagocytosis efficiency did not significantly differ from the wild-type LGP32 (Supporting Information Figs S4 and S5). Interestingly, for ΔsodA, but not ΔahpC nor ΔahpC/tsa (Supporting Information Fig. S6), we observed a strongly attenuated phagocytosis-dependent growth (P < 0.001) and cytotoxicity (P < 0.001) compared with the wild-type LGP32 (Fig. 3A andB). Complementation of ΔsodA with pMRB plasmids encoding sodA led to a dose-dependent restoration of the LGP32 cytotoxicity to hemocytes (Fig. 3B). Altogether, those results show the essential role of sodA in LGP32 resistance to phagocyte killing and subsequent cytotoxicity to hemocytes. However, the ΔsodA deletion mutant did not show any significant virulence attenuation in oyster experimental infections (Fig. 3C).

copA is required for copper resistance, intracellular survival and cytotoxicity in phagocytes

Isogenic mutants lacking copA (VS_0768) or cusAB (VS_II0515, VS_II0516) were constructed (Supporting Information Fig. S3) to study the role of copper efflux in the intracellular survival and virulence of LGP32. Growth in Zobell medium or plasma and phagocytosis efficiency did not significantly differ from the wild-type LGP32 (Supporting Information Figs S4 and S5). Both deletion mutants were then tested for resistance to copper and zinc (as a control of metal specificity) by zone inhibition assay. ΔcopA showed a major increase in susceptibility to copper compared with the wild-type LPGP32, but remained equally susceptible to zinc (Supporting Information Fig. S7). Complementation with a pMRB plasmid carrying copA restored resistance to high copper concentrations. No significant difference was observed for the ΔcusAB mutant in our in vitro assays (Supporting Information Figs S7 andS8). In hemocyte co-cultures, the phagocytosis-dependent growth of LGP32 was strongly attenuated in the ΔcopA mutant (P < 0.001; Fig. 4A). Moreover, the ΔcopA mutant was two times less cytotoxic than the wild-type LGP32 (P < 0.001; Fig. 4B). Importantly, complementation restored the cytotoxicity in hemocytes to wild-type levels (Fig. 4B). This confirmed the essential role of copA in LGP32 resistance to copper, intracellular survival and subsequent cytolysis of host cells.

copA is required for host colonization and virulence in experimental infections

In vivo studies were performed to characterize the role of copA in LGP32 pathogenesis. In experimental infections of juvenile oysters, the ΔcopA mutant showed a significantly attenuated virulence. Indeed, mortalities at day 7 dropped from 85% for wild-type LGP32 down to 65% (P < 0.01) for the ΔcopA mutant (Fig. 4C). To investigate the behaviour of the ΔcopA mutant in vivo, colonization was tested by injecting juvenile oysters with GFP-labelled LGP32 or ΔcopA. The ΔcopA mutant showed a significant colonization defect with only 5757 ± 4096 cfu g -1 of oyster flesh as opposed to 26 700 ± 4 096 cfu g -1 for LGP32 (P < 0.05), as soon as 2 h after injection (Fig. 4D). Importantly, confirming our in vitro data (Fig. 1B), LGP32 induced a major cytolysis of oyster hemocytes and the release of extracellular bacteria in vivo (Fig. 4F), whereas ΔcopA remained intracellular with most hemocytes showing preserved cell integrity (Fig. 4F). In agreement with the observed ΔcopA colonization defect, ΔcopA was massively and significantly (P < 0.01) outcompeted by the wild-type LGP32 in co-infection assays where oysters were injected with identical doses of GFP-expressing LGP32 and mCherry-expressing LGP32 or ΔcopA. We indeed measured very low competitive indexes (CI) = 0.12 ± 0.05 and 0.03 ± 0.05, 2h and 24 h after injection respectively (Fig. 4E). Co-injection of GFP-and mCherry-expressing wild-type LGP32 gave CI∼1 (0.81 ± 0.31 and 1.04 ± 0.31 at 2 h and 24 h, respectively), confirming the absence of bias due to the fluorescent protein expression plasmids used here (Fig. 4E). Altogether, these data show that copper efflux is essential for LGP32 survival in hemocytes, expression of intracellular cytotoxicity, host colonization and virulence in experimental infections.

Discussion

As an increasing number of pathogenic vibrio species have been shown to adopt intracellular stages [START_REF] Rosenberg | The Vibrio shiloi/ Oculina patagonica model system of coral bleaching[END_REF][START_REF] Duperthuy | Use of OmpU porins for attachment and invasion of Crassostrea gigas immune cells by the oyster pathogen Vibrio splendidus[END_REF][START_REF] Zhang | Type III effector VopC mediates invasion for Vibrio species[END_REF][START_REF] De Souza Santos | Intracellular Vibrio parahaemolyticus escapes the vacuole and establishes a replicative niche in the cytosol of epithelial cells[END_REF] understanding the mechanisms by which vibrios survive intracellularly has become a priority. Here, we developed a transcriptomic analysis coupled to in vitro and in vivo functional genomics, through which we identified functions essential for vibrio intracellular survival. Overall, our study provides important insights in several aspects. First, it is to our knowledge the first global characterization of the molecular functions sustaining intracellular life in a vibrio strain whose virulence depends on its intracellular survival in phagocytes. Second, we functionally characterized the antioxidant response and metal homeostasis as two major functions widely conserved among vibrios and essential for vibrio intracellular stages. Third, we identified copper tolerance as a major determinant of vibrio fitness at the host-pathogen interface.

Vibrio tasmaniensis

LGP32 was chosen in this study as it has evolved the capacity to survive in oyster hemocytes [START_REF] Duperthuy | Use of OmpU porins for attachment and invasion of Crassostrea gigas immune cells by the oyster pathogen Vibrio splendidus[END_REF]. Our present study showed that a phagocytosis step was required for LGP32 to finally induce cytolysis of oyster immune cells. Such an intracellular LGP32driven cytolysis of hemocytes was dependent on LGP32 entry and survival inside hemocytes, as demonstrated with phagocytosis-inhibiting drugs or mutants impaired in intracellular survival. Since circulating phagocytes were highly damaged in infected oysters, the LGP32-driven cytolysis of oyster hemocytes could cause a dramatic immune suppression of oyster defences promoting pathogenesis.

Oyster hemocytes are immune cells equipped with a complete panel of microbicidal functions [START_REF] Bachere | The new insights into the oyster antimicrobial defense: cellular, molecular and genetic view[END_REF]. In particular, they respond to phagocytosis by a rapid and massive oxidative burst highly toxic to phagocytosed microorganisms [START_REF] Poirier | Antimicrobial histones and DNA traps in invertebrate immunity: evidences in Crassostrea gigas[END_REF]. Consistently, the antioxidant response was essential to LGP32 survival in the phagosome hostile environment. sodA (VS_2918) and ahpC/ahpF (VS_2126, VS_2127) were among the genes most highly induced intracellularly. Moreover, MnSOD (sodA gene product) was essential for LGP32 intracellular survival and cytotoxicity in oyster phagocytes. By catalysing the conversion of the highly toxic superoxide ion (O2 -. ) to H2O2 and dioxygen (O2) SODs contribute to tolerance to oxidative stress [START_REF] Kang | The virulence of Vibrio vulnificus is affected by the cellular level of superoxide dismutase activity[END_REF] and resistance to acidic pH [START_REF] Kim | Induction of manganese-containing superoxide dismutase is required for acid tolerance in Vibrio vulnificus[END_REF] in diverse vibrio species. In V. vulnificus, signals inducing MnSOD expression include low iron and acidic pH [START_REF] Kim | Induction of manganese-containing superoxide dismutase is required for acid tolerance in Vibrio vulnificus[END_REF], which are signals likely encountered by LGP32 in the phagosome as an active influx of iron and efflux of cations is observed (Supporting Information Table S1).

We report here the essential role of a MnSOD in the intracellular survival of a vibrio species, whereas in the coral pathogen V. shiloi, a FeSOD contributes to survival in coral ectodermal cells [START_REF] Banin | Superoxide dismutase is a virulence factor produced by the coral bleaching pathogen Vibrio shiloi[END_REF]. Interestingly, in Escherichia coli, MnSOD is expressed under ironlimiting conditions, when FeSOD is repressed [START_REF] Niederhoffer | Control of Escherichia coli superoxide dismutase (sodA and sodB) genes by the ferric uptake regulation (fur) locus[END_REF]. This may explain why MnSOD plays a crucial role in LGP32 intraphagosomal stages, where iron is scarce as indicated by the intracellular activation of iron uptake (Supporting Information Table S1). From our present data and studies on V. shiloi [START_REF] Banin | Superoxide dismutase is a virulence factor produced by the coral bleaching pathogen Vibrio shiloi[END_REF], Fe and MnSODs, which share a common ancestor, are required for intracellular survival of at least two pathogenic vibrio species. As they are highly conserved across vibrios, they could be involved in the intracellular survival of additional vibrio species.

One major result of our work is the identification of the essential role of metal homeostasis and copper efflux in particular in vibrio intracellular life and subsequent cytotoxicity, colonization and virulence in oyster experimental infections. However, in the last decade metal homeostasis has been highlighted to play a role in different bacterial pathogenesis in vertebrates [START_REF] Becker | Metal limitation and toxicity at the interface between host and pathogen[END_REF]. Among the different metals involved at the host-pathogen interface, the toxicity of copper appears to be mainly used as a defence mechanism by hosts. Hence, copper efflux is an important mechanism for pathogens to avoid copper toxicity. Indeed, free copper enhances the production of reactive oxygen species (ROS) that create damages to a broad series of macromolecules and largely contribute to copper antimicrobial properties [START_REF] Hodgkinson | Copper homeostasis at the host-pathogen interface[END_REF]. In H2O2-rich environments like the phagosome, the redox properties of Cu(I) catalyse the generation of highly toxic hydroxyl radicals (OH .-). Consistent with its major protective role against hemocyte intracellular killing, CopA (VS_0768) of LGP32, a member of the P-type ATPase family exporting Cu(I) across the plasma membrane [START_REF] Hodgkinson | Copper homeostasis at the host-pathogen interface[END_REF], was highly transcribed in the phagosome. P-type ATPases homologous to CopA have been described in diverse species of intracellular bacteria like Salmonella (CopA; [START_REF] Espariz | Dissecting the Salmonella response to copper[END_REF] and Mycobacterium (CtpV) that invade mammalian phagocytes [START_REF] Rowland | Resistance mechanisms of Mycobacterium tuberculosis against phagosomal copper overload[END_REF]. As in oyster hemocytes, genes encoding copper-exporting P-type ATPase are upregulated by such pathogens when they enter phagosomes of macrophages (Chaturvedi and Henderson, 2014) in which copper concentration increases up to several hundred micromolar [START_REF] Wagner | Elemental analysis of Mycobacterium avium-, Mycobacterium tuberculosis-, and Mycobacterium smegmatis-containing phagosomes indicates pathogen-induced microenvironments within the host cell's endosomal system[END_REF].

The major role of CopA in LGP32 intracellular survival strongly suggests that phagosomes of oyster hemocytes accumulate copper to control phagocytosed pathogens and supports recent findings showing that both hosts and pathogens manipulate copper content in infected host niches (Chaturvedi and Henderson, 2014;Chaturvedi et al., 2014). In particular, mammalian phagocytes have been shown to modulate the intraphagosomal concentration of metals, by depriving microorganisms from essential metals like iron or accumulating toxic metals like copper [START_REF] Hood | Nutritional immunity: transition metals at the pathogen-host interface[END_REF]. Thus, in human macrophages, metal homeostasis is essential for the control of phagocytosed bacteria [START_REF] Soldati | Mycobacteria and the intraphagosomal environment: take it with a pinch of salt(s)[END_REF]. The main effectors of copper influx in phagosomes of macrophages are CTR1 and ATP7A [START_REF] Hodgkinson | Copper homeostasis at the host-pathogen interface[END_REF] whose expression is essential for the copper-mediated bactericidal activity of the phagosome [START_REF] White | A role for the ATP7A coppertransporting ATPase in macrophage bactericidal activity[END_REF]. Interestingly, three ATP7A and two CTR1 genes are found in the genome of Crassostrea gigas (Genbank accession numbers gbΙEKC33905.1, gbΙEKC18325.1, gbΙEKC28422.1 and gbΙEKC31900.1, gbΙEKC33878.1). Thus, like mycobacteria replicating inside phagosomes [START_REF] Neyrolles | Mycobacteria, metals, and the macrophage[END_REF],

LGP32 uses copper efflux to resist the high copper concentrations to which it is exposed after phagocytosis. It has been hypothesized that copper detoxification has been conserved during evolution to provide protection against phagocytosis [START_REF] Raimunda | The transport mechanism of bacterial Cu+-ATPases: distinct efflux rates adapted to different function[END_REF][START_REF] German | Bacterial killing in macrophages and amoeba: do they all use a brass dagger?[END_REF]. This hypothesis is supported by the present data, which show that pathogens capable to survive inside phagocytes of invertebrates (here the oyster) use strategies similar to pathogens surviving inside macrophages of vertebrates. This high degree of conservation is consistent with the high conservation of the phagocytotic machinery that intracellular pathogens have to face, from protozoan to metazoan phagocytic cells [START_REF] Boulais | Molecular characterization of the evolution of phagosomes[END_REF]. The major role of copper homeostasis at the host-pathogen interface may well go beyond its role in intracellular survival. Indeed, copper efflux was induced as soon as LGP32 entered oyster plasma and was essential for oyster colonization. This is consistent with the copperrich composition of marine invertebrate plasma, which is characterized by abundant copper-containing proteins like Zn/Cu SODs in the oyster [START_REF] Gonzalez | Evidence in oyster of a plasma extracellular superoxide dismutase which binds LPS[END_REF][START_REF] Duperthuy | Use of OmpU porins for attachment and invasion of Crassostrea gigas immune cells by the oyster pathogen Vibrio splendidus[END_REF] or hemocyanin in crustaceans and cephalopods [START_REF] Terwilliger | Ontogeny of decapod crustacean hemocyanin: effects of temperature and nutrition[END_REF] to which squid-colonizing vibrios resist [START_REF] Kremer | The dual nature of haemocyanin in the establishment and persistence of the squid-vibrio symbiosis[END_REF]. A recent study suggested that copA is required for the colonization of the squid light organ by V. fischeri [START_REF] Brooks | Global discovery of colonization determinants in the squid symbiont Vibrio fischeri[END_REF]. We show here for the first time the central role of copA in the pathogenic potential of a vibrio.

The gene copA is highly conserved among vibrios and to a broader extent among bacteria [START_REF] Hernandez-Montes | Evolution and diversity of periplasmic proteins involved in copper homeostasis in gamma proteobacteria[END_REF]. Hence, copA has been used to evaluate the impact of copper-rich environments on bacterial communities, suggesting that copA is under selection in copperrich environments [START_REF] Besaury | Abundance and diversity of copper resistance genes cusA and copA in microbial communities in relation to the impact of copper on Chilean marine sediments[END_REF]. In the wild, copper accumulation often originates from humanrelated activities and numerous aquatic animals can accumulate copper in their tissues, including oysters [START_REF] Luo | Metal accumulation and differentially expressed proteins in gill of oyster (Crassostrea hongkongensis) exposed to long-term heavy metalcontaminated estuary[END_REF]. Therefore, copper abundance in different environmental niches, including invertebrates as well as copper of natural or anthropogenic sources, may represent an important driver for the emergence of copper resistant pathogens. In conclusion, this study demonstrates the essential role of copper efflux and antioxidants in vibrio survival inside host cells and suggests that interactions of vibrios with different copper-rich environmental niches could select important adaptive traits favouring emergence of water-borne pathogens.

Experimental procedures

Animals

Adult diploid C. gigas were purchased from the local oyster farm in Le Petit Mas (Mèze, France) and used for RNAseq and qRT-PCR analyses. Adult triploid C. gigas were purchased from the local oyster farm at the 'CAT de Maguelone' (Palavas, France) to perform in vitro cell biology experiments. For experimental infections, juvenile diploid C. gigas oysters were provided by the Ifremer oyster hatcheries of Argenton and Bouin (France).

Bacterial strains and culture conditions

Vibrio isolates were grown in Zobell or on Zobell agar [START_REF] Saulnier | Rapid and sensitive PCR detection of Vibrio penaeicida, the putative etiological agent of syndrome 93 in New Caledonia[END_REF], Luria-Bertani (LB) or LBagar (LBA) + NaCl 0.5M, at 20°C. E. coli strains were grown in LB or on LBA at 37°C. Chloramphenicol (5-25 μg ml -1 ), 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 medium, and conversely, repression was obtained by the addition of 1% D-glucose.

Plasmid construction and mutagenesis

Mutagenesis was performed by gene replacement, as described in [START_REF] Lemire | Populations, not clones, are the unit of vibrio pathogenesis in naturally infected oysters[END_REF]. Two independent PCR amplifications of the regions (500 bp) flanking the gene to delete were performed using two primer pairs (1 + 2 and 3 + 4; Supporting Information Table S2). An inside out PCR was performed using the pSW7848T suicide vector DNA [START_REF] Val | Genome engineering in Vibrio cholerae: a feasible approach to address biological issues[END_REF] and primer pair pSW-F and pSW-R (Supporting Information Table S2). The recombinant plasmid was then assembled by the Gibson assembly method using the Gibson assembly master mix (New England Biolabs, NEB) according to the manufacturer's instructions. Mutants were screened by PCR using external primer 5 + 6 listed in Supporting Information Table S2. For complementation experiment, the gene of interest was cloned under the control of a constitutive PLAC promoter in a pMRB plasmid (Le Roux et al., 2011). Two independent PCR amplifications of the gene and plasmid were performed using the primers gene-F + R and pMRB-F + R reciprocally. After purification and quantification, 100 ng of the PCR products were mixed with the Gibson assembly Master Mix and incubated for 60 min at 50°C. Samples were diluted 1/3 before E. coli transformation. Clones were controlled by digestion with restriction enzyme and sequencing of PCR products obtained using the primers described in Supporting Information Table S2. Strains π3813 and β3914 were used as plasmid hosts for cloning and conjugation respectively [START_REF] Le Roux | Construction of a Vibrio splendidus mutant lacking the metalloprotease gene vsm by use of a novel counterselectable suicide vector[END_REF]. Conjugation was carried out as described in Goudenège et al., 2014. Plasmids and strains used and/or constructed in the present study are presented in Supporting Information Table S2.

Preparation of vibrios and oyster hemocytes for in vitro assays

Hemolymph was collected from the adductor muscle of oysters using a 2 ml syringe with a 23-G needle. After cell counting, freshly collected hemolymph was dispensed in wells to obtain hemocytes monolayers in the desired plate format (see below). In parallel, after growing vibrio strains at 20°C in Zobell medium for 14 h, bacteria were washed in sterile sea water (SSW) by two successive centrifugations (10 min, 1000 g, 20°C) and diluted in SSW at a working dilution of 2.10 9 cfu ml -1 as deduced from OD600 reads. When needed, bacteria were opsonized for one hour in 0.22 μm filtered oyster plasma.

In vitro assay for vibrio intracellular survival

Hemocytes (2 × 10 5 hemocytes per well) were plated in Black 96-wells plate with transparent flat bottom and kept in plasma. Vibrio strains carrying high copy pMRB-GFP plasmid (Supporting Information Table S2) were opsonised in oyster plasma. Opsonized vibrio strains were then added to the hemocyte monolayers at a multiplicity of infection of 50:1. Binding of bacteria to hemocytes was synchronized by a brief centrifugation of 5 min at 400 g. After 1 h of phagocytosis, hemocytes were carefully washed three times with SSW to remove any remaining extracellular bacteria. Then, GFP fluorescence was measured every hour over 20 h using a TECAN plate reader (λex 480 nm/λem 520 nm). In each experiment, each condition was performed in triplicates and the depicted results are the average of three independent experiments. Statistical analysis was performed using RM-ANOVA over the independent experiments.

In vitro cytotoxicity assay

Hemocytes (2 × 10 5 hemocytes per well) were plated in Black 96-wells plate with transparent flat bottom. After 1 h of adhesion and plasma removal, 10 μg ml -1 of Sytox Green (Molecular Probes) diluted in 200 μl SSW was added to each well. Opsonized vibrio strains were then added to the hemocyte monolayers at a multiplicity of infection of 50:1. Binding of bacteria to hemocytes was synchronized by a brief centrifugation of 5 min at 400 g. Sytox Green fluorescence was determined (λex 480 nm/λem 550 nm) every 30 min over 14 h using a TECAN microplate reader. For controls, washed bacteria were incubated in Sytox Green diluted in SSW. Maximum cytolysis was determined by incubating hemocytes in Sytox Green in presence of 0.1% Triton X-100. To determine the role of phagocytosis in vibrio-induced cytolysis of hemocytes, hemocytes were incubated with 5 μg ml -1 of cytochalasin D, an actin polymerization inhibitor, 30 min before adding vibrios. The results are representative of three independent experiments. The RM-ANOVA test was used to estimate the Pvalues of the comparison.

Fluorescence microscopy

Hemocytes were plated onto glass coverslips in a 24-well plate to obtain monolayers of 5 × 10 5 cells. After adhesion, hemocytes were exposed to GFP-expressing vibrios (washed in SSW) at a multiplicity of infection of 50:1. Binding of bacteria to hemocytes was synchronized by a brief centrifugation of 5 min at 400 g. After 1 h, 3 h and 5 h-incubation time, culture supernatants were fixed with 4% paraformaldehyde for 15 min and cytospun on glass slides for 5 min at 1000 g. The cell monolayers (coverslips from bottom of the wells), were also fixed with 4% paraformaldehyde for 15 min. Glass slides and coverslips were then washed in PBS and stained with 0.25 μg ml -1 DAPI (Sigma) and 0.5 μg ml -1 Phalloidin-TRITC (Sigma). Fluorescence imaging was performed using a Zeiss Axioimager fluorescence microscope and a Zeiss 63× Plan-Apo 1.4 oil objective equipped with a Zeiss MRC black and white camera for image acquisition.

Vibrio transcriptomic analysis by RNAseq

LGP32 was grown at 20°C in Zobell medium for 10 h and washed twice in SSW by centrifugations (10 min, 1000 g, 20°C). Bacteria were then resuspended in SSW at OD600 of 0.5 (1.10 9 cfu ml -1 equivalent). Hemolymph was collected from the adductor muscle of oysters using a 2 ml syringe with a 23-G needle. Freshly collected hemolymph was dispensed in a 6-well plate to obtain monolayers of 6 × 10 6 hemocytes per well. One hour after plating, vibrios were added at a multiplicity of infection of 100:1, and plates were centrifuged for 5 min at 400 g for binding synchronization. After 1 h of co-incubation, wells were washed extensively three times with SSW to remove extracellular bacteria and 500 μl Trizol reagent (Invitrogen) was added to every well for total RNA extraction. The efficiency of vibrios internalization in hemocytes was verified by microscopy showing that about 40% of hemocytes internalized about 50-70 bacteria, with rare bacteria remaining extracellular. As a control, washed bacteria were incubated in triplicates in SSW for 1 h and resuspended in Trizol after centrifugation. RNA from three independent experiments of LGP32 phagocytosis by hemocytes was extracted using the Trizol reagent protocol (Life Technologies). RNA concentration was measured using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific Inc.) and RNA quality was monitored by agarose gel electrophoresis and a 2100 Bioanalyzer (Agilent Technologies Inc.). The bioanalyser analysis showed that bacterial RNAs represented approximately 10% of the total RNA in the intrahemocyte samples. Accordingly, control samples were prepared by mixing total RNA extracted from LGP32 incubated in SSW with C. gigas hemocyte RNA with a ratio of 1:9. For each sample, 7 μg of starting material was treated with DNaseI (4 U) (Ambion's DNA-free™) following the manufacturer's instructions. Samples were then enriched in bacterial RNA using the MICROBEnrich™ Kit (Ambion) and bacterial rRNA were then removed by the MICROBExpress™Kit (Ambion) following the manufacturer's instructions. Because the MICROBEnrich™ Kit is based on oligonucleotides that are designed to capture rRNAs from mammal species, it is not fully efficient to remove invertebrate rRNAs. Accordingly, we performed a further depletion step using a 5'-phosphatedependent exonuclease (Terminator, Epicentre), that degrades processed transcripts, following instructions from the manufacturer. For cDNA sequencing, for each sample, a directional cDNA library was constructed and sequenced on an illumina Hiseq 1000, in paired-end reads of 2 × 100 bp. Three samples were multiplexed per lane giving ∼ 60 × 10 6 reads per sample. Out of 50-60 M reads obtained from the RNA-seq, 1.2 M reads from the SSW samples and 2.3 M reads from the intrahemocyte samples were successfully mapped onto the genome of LGP32.

Sequencing data analysis

Transcriptomic high throughput sequencing data were analysed using a bioinformatic 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]. The current pipeline is a 'Master' shell script that launches the various parts of the analysis (i.e. a collection of Shell/Perl/R scripts) and controls for all tasks having been completed without errors. In a first step, the RNA-Seq data quality was assessed by including option like reads trimming or merging/split pairedend reads. In a second step, reads were mapped onto the V. tasmaniensis LGP32 genome (genome ID: 13995, assembly GCA_000091465.1, NCBI) using the SSAHA2 package [START_REF] Ning | SSAHA: a fast search method for large DNA databases[END_REF] that combines the SSAHA searching algorithm (sequence information is encoded in a perfect hash function) aiming at identifying regions of high similarity, and the cross-match sequence alignment programme [START_REF] Ewing | Base-calling of automated sequencer traces using phred. I. Accuracy assessment[END_REF], which aligns these regions using a banded Smith-Waterman-Gotoh algorithm [START_REF] Smith | Identification of common molecular subsequences[END_REF]). An alignment score equal to at least half of the read is required for a hit to be retained. To lower false positives discovery rate, the SAMtools (v.0.1.8;[START_REF] Li | The Sequence Alignment/Map format and SAMtools[END_REF] are then used to extract reliable alignments from SAM formatted files. The number of reads matching each genomic object harboured by the reference genome is subsequently computed with the Bioconductor-Genomic-Features package [START_REF] Carlson | GenomicFeatures: Tools for Making and Manipulating Transcript Centric Annotations[END_REF]. In case of reads matching several genomic objects, the count number is weighted in order to keep the same total number of reads. Finally, the Bioconductor-DESeq package [START_REF] Anders | Differential expression analysis for sequence count data[END_REF] with default parameters is used to analyse raw counts data and test for differential expression between conditions. Out of the paired-end reads, only mapping results of the first sequencing run reads were used for the DESeq analysis.

qRT-PCR analyses

Experiments were performed as for 'Vibrio transcriptomic analysis by RNAseq'. Conditions tested were: 6×10 8 vibrios per well in SSW (control), vibrios in oyster plasma and vibrios opsonized in plasma and incubated on hemocyte monolayers (6×10 6 hemocytes per well) kept in SSW. Vibrios were incubated 30 min, 1 h and 2 h before wells were centrifuged and the incubated stopped by adding 500 μl Trizol per well. Total RNA was extracted from Trizol using the DirectZol RNA Miniprep kit (R2051) according to manufacturer's instructions (ZymoResearch) and then treated by DNaseI to remove contaminating genomic DNA, using the DNA-free kit (Ambion) before purification by phenol/chloroform extraction and ethanol precipitation. Quantification of total RNA was done with a NanoDrop spectrophotometer (Thermo, Fisher Scientific) and quality was monitored using a 2100 Bioanalyzer (Agilent Technologies Inc.). Real-time qPCR was performed either at the Imagif platform (Gif sur Yvette) on an ABI 7900HT Fast Real-Time PCR System using a Fast SG qPCR Master Mix (Roboklon), or at the MGX platform in Montpellier using a the Light-Cycler 480 System (Roche), using the primers listed in Supporting Information Table S3. Relative expression was calculated using the 2-ΔΔCq method [START_REF] Pfaffl | A new mathematical model for relative quantification in real-time RT-PCR[END_REF], with three genes, encoding 6PKF (VS_2913), MGS (VS_II1055) and CcmC (VS_0852) being used for normalization. These were chosen because their expression was found to be constant across conditions in the RNAseq, as well as by qRT-PCR.

Copper and zinc sensitivity

Paper discs (6 mm) were loaded with CuSO4 by soaking them over-night into a 50 mM CuSO4 solution or 50 mM ZnSO4 solution. Cells from a stationary phase LGP32 wildtype and LGP32 isogenic mutant cultures at DO = 1 were washed twice with SSW before being spread onto agar plates containing 15 g L -1 bactopeptone and 0.5M NaCl. Using a sterile tweezer, copper and zinc impregnated disks were placed on the bacterial lawn before incubation at 20°C. After 5 day incubation, the diameter of the inhibition zone around the disk was measured.

Experimental infections of oysters

Experimental infections were performed at 20°C, as previously described [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]. Groups of 45 oysters were injected with the different strains of LGP32 (4 × 10 7 cfu per spat). An equal volume of SSW was injected to control animals. Colony-forming units of bacteria were determined by counting on Zobell agar plates. For each condition, oysters were placed for 24 h in three separate tanks in 6 l of seawater (15 animals per aquarium). Mortalities were followed during 7 days. The non-parametric Kaplan-Meier test was used to estimate log-rank values for comparing conditions. All experimental infections were performed according to the Ifremer animal care guidelines and policy.

In vivo colonization and damages to host cells

After overnight growth in LB NaCl 0.5M containing 10 μg ml -1 chloramphenicol, vibrio strains carrying high copy pMRBGFP were washed twice with sterile sea water (SSW) by centrifugation for 15 min at 1500 g. Then, groups of 20 oysters were injected with wild-type or ΔcopA LGP32 (7 × 10 7 cfu per oysters). Two hours after injection, hemocytes were collected from the adductor muscle of five oysters and fixed with 2% paraformaldehyde for 15 min and finally cytospun for 5 min at 1000 g. Samples were stained with 0.25 μg ml -1 DAPI (Sigma) and 0.5 μg ml -1 WGA-TRITC (Sigma). Fluorescence imaging was performed as described above. Statistical analysis was performed using non-parametric Mann-Whitney test for comparing both conditions. Similarly, 2 h after injection, five additional oysters injected with each strain were weighed and homogenized by passage through a Dounce apparatus. Serial dilutions of the homogenized material in SSW were spread onto LB NaCl 0.5M agar plates containing 10 μg ml -1 chloramphenicol, in duplicate. Colonies were counted after 2 days of growth at 20°C and results were expressed in number of colony forming units per gram of oyster.

In vivo competitive index

After overnight growth in LB NaCl 0.5M containing 10 μg ml -1 chloramphenicol, wild-type or ΔcopA LGP32 carrying high copy pMRB-GFP and wild-type LGP32 high copy pMRBmCherry were washed twice in SSW by centrifugation for 15 min at 1500 g. Then, groups of 40 oysters were injected with a 1:1 ratio of each strain (7 × 10 7 cfu per oysters). Two conditions were tested: GFP-wildtype/mCherry-wild-type (control) as well as GFP-ΔcopA/mCherry-wild-type. Five oysters of each condition were homogenized and plated on agar plates as for the colonization assay. Red colonies (wildtype) and green colonies (mutant) were counted and results were expressed as the ratio of mutant CFUs over wild-type CFUs. Statistical analysis was performed using the nonparametric Kruskal-Wallis test with Dunn's multiple comparisons test for comparing conditions.

Fig. 1. Hemocyte phagocytosis and cytolysis support efficient replication of LGP32.

A.

Phagocytosis-dependent growth of LGP32 in hemocyte co-cultures. In three independent experiments, hemocyte monolayers wereincubated at a MOI of 50:1 with LGP32 or the avirulent control LMG 20012 T . In controls, vibrios were incubated in SSW in the absence of hemocytes. Growth was monitored by the fluorescence of the GFP-expressing bacteria. Values are presented ± SEM ***P < 0.001 (two-way rANOVA).

B.

LGP32-induced hemocyte cytolysis and extracellular release of bacteria. Monolayers of hemocytes infected at a MOI of 50:1 withGFP-expressing LGP32 or LMG20012 T were observed 1 h and 5 h after contact. Both strains were rapidly phagocytosed. Major hemocyte lysis and release of extracellular vibrios was observed after 5 h upon exposure to LGP32 but not LMG 20012 T . Nuclei were stained with DAPI and actin cytoskeleton with phalloidin-TRIC. Scale bar: 5 μm.

C.

Phagocytosis-dependent cytolysis of hemocytes. Hemocyte monolayers were incubated with LGP32 or LMG 20012 T at a MOI of 50:1 for phagocytosis in the presence/absence of cytochalasin D. Hemocyte cytolysis was monitored by using cell impermeant Sytox green DNA dye. The percentage of hemocyte lysis was obtained by comparison with a Triton X100-incuded lysis (100% lysed hemocytes). Values are presented ± SEM. **P < 0.01 (RM-ANOVA).

Figure 2

Time-course of LGP32 antioxidant and copper efflux gene expression monitored by qRT-PCR. Vibrio gene expression was analysed for every time point in three independent experiments. Conditions included vibrios in SSW (control), vibrios in oyster plasma (opsonization) and intracellular vibrios in oyster hemocytes. Three incubation times were tested (30 min, 1 h, 2 h). Relative expression was calculated by normalization using three constitutively expressed genes VS_2913, VS_0852 and VS_II1055. Results were standardized relative to the control condition (vibrios in SSW). Data are the mean of gene expression in the three independent experiments ± SEM. Data were analysed by twoway ANOVA and Tukey's post-test for multiple comparison, *P < 0.05, **P < 0.01, ***P < 0.001. copA is required for intracellular survival, cytotoxicity in phagocytes, host colonization and virulence. Phagocytosis-dependent growth (A), cytotoxicity (B) and virulence (C) of bacteria were monitored. In (C), Kaplan-Meier survival curves were generated from oysters injected with 4 × 107 cfu per animal of the wildtype LGP32 or the ΔcopA isogenic mutant. One experiment representative of three independent experiments is shown. **P < 0.05 (log-rank test). Colonization (D) and competitive indexes (E) were tested by injecting juvenile oysters with fluorescent vibrios at 7 × 107 cfu per oyster and counting cfus from total oyster flesh either 2 h or 24 h after injection. Each dot represents one animal. For competitive indexes (E), the ratio between GFP-expressing ΔcopA and mCherry-expressing LGP32 is shown in white boxes while the ratio between GFP-expressing LGP32 and mCherry-expressing LGP32 is shown in black boxes. For photographs of oyster hemolymph containing GFP-labelled vibrios 2 h after injection (F), oyster hemolymph was cytospun on a glass slide and stained with DAPI and TRITC-WGA. Arrowheads indicate LGP32 associated with cell debris.

Table 1

Functional categories referring to gene transcripts over/sub-represented in the intracellular condition

Table 2

List of the 34 transcripts enriched by more than 50 times in the intracellular condition.

See Supporting Information Table S1 for extensive list of differentially represented transcripts. Genes characterized in the present study are in boldface.

Figure 3

 3 Figure 3 sodA is required for intracellular survival and cytotoxicity in phagocytes. In three independent experiments, hemocyte monolayers were incubated at a MOI of 50:1 with LMG 20012T (control), wild-type LGP32 or its ΔsodA isogenic mutants complemented or not with a low or high copy plasmid carrying sodA. A. Phagocytosis-dependent growth of LGP32 was monitored by the fluorescence of the GFP-expressing bacteria. ***P < 0.001 (RM-ANOVA). B. Cytotoxicity to hemocytes was monitored by the Sytox green assay. Values are presented ± SEM. **P < 0.01; *P < 0.05 (RM-ANOVA). C. Kaplan-Meier survival curves were generated from oysters injected with 4 × 107 cfu per animal of the wild-type LGP32 or the ΔsodA isogenic mutant. An injection of sterile seawater (SSW) was used as control. Groups of 45 oysters (15 per seawater tank) were monitored for 7 days after infection. One experiment representative of three independent experiments is shown.
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