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RESUME

CHAPITRE 1 : SYNTHESE BIBLIOGRAPHIQUE

Les bactéries du genre Vibrio sont des y-proteobactéries ubiquitaires des milieux aquatiques.
Elles possedent une plasticité génomique et phénotypique remarquable, donnant lieu & une
diversité de spécialisation de niche, allant des formes de vie libres d des associations
mutualistes, commensales ou parasitaires avec des hotes métazoaires et protozoaires
(Takemura ef al., 2014 ; Le Roux et Blokesch, 2018). Les vibrios font partie du microbiote
naturel des animaux marins comme les coraux, les éponges et diverses especes de bivalves.
Méme si certaines especes établissent des symbioses mutualistes a I'exemple de Vibrio
fischeri avec les calamars sépiloides (Ceccarelli et Colwell, 2014 ; McFall-Ngai, 2014), de
nombreuses especes sont des agents pathogénes, dont certaines bien connues chez
I'nomme (V. cholerae est I'agent étiologique du cholera), et d'autres sont responsables de
vibrioses chez les organismes aquatiques, avec un impact fort sur la pisciculture et la
conchyliculture dans le monde (Romalde et Barja, 2010).

L'huitre du Pacifique Crassostrea gigas est produite tout le long de la cbte francaise pour la
consommation humaine. Depuis 2008, les populations d'huitres d'élevage subissent des
épisodes séveres de mortalité affectant particulierement les huitres juvéniles de moins de 18
mois ; les taux de mortalité pouvant atteindre 100% dans les exploitations francaises (Segarra
et al., 2010). Cette maladie est connue sous le nom de syndrome de mortalité des huitres du
Pacifigue (POMS). Son complexe étiologie implique linteraction entre la génétique et I'état
physiologique de I'héte, I'environnement et des agents pathogénes, en particulier des
microvariants du virus de I'herpés ostreid OsHV-1 et des bactéries opportunistes, dont des
vibrios (Samain and McCombie, 2008 ; Peftton ef al., 2015). Le POMS survient de facon
saisonniere, dans une fenétre de température de I'eau de mer permissive allant de 16 ° C &
24 ° C (Pernet et al, 2012). Les mortalités suivent une ségquence d'événements qui
commence par la réplication intense d'OsHV-1 dans I'huifre conduisant a un état
dimmunosuppression qui bénéficie & des bactéries opportunistes, dont certaines espéces de
Vibrio, favorisant une infection secondaire entrainant la mort de I'héte (de Lorgeril et al.,
2018). La question de savoir si ces especes de Vibrio sont de simples opportunistes ou
participent activement au processus infectieux (agents pathogénes opportunistes) n'était
pas résolue au démarrage de cette these.

Néanmoins, les interactions entre les huitres et les vibrios ne se limitent pas & des interactions
pathogenes. Ainsi, la structure des populations de vibrios présentes dans différentes fractions
de la colonne d'eau et dans les fissus de I'huitre montre que certaines populations de Vibrio
présentent une association préférentielle avec I'huitre méme en dehors d'un contexte
pathologique, avec peu ou pas de chevauchement des populations entre les huitres
malades et saines (Bruto et al., 2017). Ceci suggere que sans l'influence de facteurs de stress



majeurs tels que la température (Green et al., 2019) ou d'agents pathogenes tels que OsHV-1
pvar, les huitres possedent une capacité remarquable & maintenir 'homéostasie immunitaire
avec son microbiote résident (Schmitt et al., 2011), ce qui devrait avoir un impact sur les
génomes des groupes bactériens (ici des bactéries du genre Vibrio) capables d'établir une
intferaction stable avec les huitres en tant qu'hdte (Chow et al., 2010).

L'objectif de la thése a été de caractériser les mécanismes sous-jacents a l'association de
I'huitre C. gigas avec les populations de vibrios en contexte sain et pathologique.

CHAPITRE 2 : RESULTATS

SECTION I. DETERMINANTS DE LA COLONISATION ET PERSISTANCE ENVIRONNEMENTALE CHEZ V.
SPLENDIDUS ASSOCIES A DES HUITRES SAINES

En raison de leurs conséquences importantes sur l'ostréiculture, les associations entre les
vibrios et les huitres ont été principalement étudiées dans le but d'identifier leur réle en tant
qgu'agents étiologiques dans les maladies des huitres. Le travail de notre proche
collaboratrice Frédérique Le Roux d l'lfremer (laboratoire de biologie intégrative des modeles
marins, Station Biologique de Roscoff) a révélé que les especes de Vibrio associées aux POMS
expriment un potentiel de virulence contre I'huitre, et que des populations virulentes de
Vibrio formant des unités taxonomiquement et fonctionnellement proches, colonisent les
huitres affectée par le POMS (Bruto et al., 2017). Leurs travaux et les autres ont permis
lidentification des déterminants de la pathogénicité de populations de vibrios pathogenes
(Binesse et al., 2008 ; Duperthuy et al., 2011 ; Vanhove et al., 2016 ; Bruto et al., 2017, 2018 ;
Piel et al., 2019). Néanmoins ces travaux ont aussi révélé qu'en rade de Brest (facade
Aflantique), certaines populations de vibrios s'associent préférentiellement aux huitres au
prinfemps en 'absence de mortalités massives d'huitres dues au POMS. Par conséguent, nous
avons voulu étudier les espéces de Vibrio colonisant les huitres en dehors du contexte
pathologique pour dévoiler les déterminants clés de la colonisation des huitres
immunocompétentes. Pour cela, nous avons bénéficié des populations de vibrios
caractérisées par Bruto et al. (2017). Nous nous sommes intéressés en particulier & une
population affiliée taxonomiquement a V. splendidus (population #23), isolée d'huitres saines,
et phylogénétiquement proche de V. splendidus (population #24) trouvée dans les huitres
pendant le POMS. La population #23 présente un potentiel de virulence modéré.

Par une étude de génomique comparative et d'invalidation fonctionnelle de géene, nous
avons montré que deux loci, un complexe MARTX (Multifunctional Autoprocessing Repeats-
in-Toxin) et un systéme de sécrétion de type é (T6SS) étaient nécessaires a la virulence
modérée de cette population. Ces résultats ont été publiés dans I'article 1. Nous avons ainsi
découvert que chez V. splendidus, la capacité de colonisation et la virulence étaient limitées
par une structure de I'anfigéne O (qui décore les lipopolysaccharides & la membrane
externe de la bactérie). Leur structure est plus facilement reconnue par le systéme



immunitaire de I'huitre par rapport & d'autres structures alternatives, avec un effet délétére
sur la virulence mais qui confére une résistance aux prédateurs environnementaux que sont
les amibes marines. Ainsi, nos résultats suggerent une évolution de V. splendidus vers une
virulence modérée comme compromis entre la « fitness » chez I'nuitre en tant qu'hdte et la
résistaonce & ses prédateurs dans l'environnement. Les données des résultats
complémentaires 1 ont confirmé cette hypothése dans un fond génétique de Vibrio
différent.

Dans les résultats complémentaires 2 (« short letter», en préparation), nous avons utilisé des
populations supplémentaires de Vibrio associées positivement et négativement aux huitres
pour interroger si la résistance aux puissantes défenses antimicrobiennes de I'huitre est un
facteur suffisant pour déterminer la capacité des Vibrio a coloniser I'habitat hostile que
représente I'huitre sain. Dans I'ensemble, nos résultats ne permettent pas de discrimer les
associations vibrio-huitre sur la base du seul caractére de résistance, sans doute parce que
les multiples interactions biotiques qui ont lieu dans le milieu aquatique exercent des pressions
similaires sur les populations qui ne sont pas associées aux huitres. Néanmoins, en considérant
toutes les souches de vibrios indépendamment de leur affiliation faxonomique, les principaux
facteurs expliquant I'association aux huitres étaient : La résistance aux ROS, la virulence et la
charge de surface.

SECTION II. LE ROLE DE LA CYTOTOXICITE CHEZ LES VIBRIOS DU CLADE SPLENDIDUS ASSOCIES
AU POMS

Les huitres possedent une capacité remarquable a maintenir une homéostasie immunitaire
en présence des communautés microbiennes abondantes et diversifiées associées a leurs
tissus (Schmitt et al., 2012). Les facteurs biotiques et abiotiques pouvant conduire d la perte
de cette homéostasie, comme linfection & OsHV-1 uvar (de Lorgeril et al., 2018), sont des
facteurs de risque clés pour I'apparition de mortalités massives. Parmi les bactéries associées
a cette dysbiose, les vibrios du clade Splendidus, notamment V. fasmaniensis et V.
crassostreae, sont les plus étudiés. V. tasmaniensis LGP32, souche isolée & l'origine d'un
événement de mortalité en 2004, présente un important potentiel de virulence, causant la
mort des huitres en infections expérimentales, par injection (Gay et al. 2004). Notre équipe a
montré qu'il s'agit d'un pathogene intracellulaire facultatif cytotoxique pour les hémocytes
(Duperthuy et al., 2011 ; Vanhove et al., 2016), dont sa cytotoxicité dépend de I'étape de
phagocytose. Aujourd’'hui cette souche est utilisée comme modéele d'interaction hémocyte-
vibrio dans un contexte pathogéne (Duperthuy et al., 2010, 2011 ; Vanhove et al., 2015, 2016).

Une autre espéce a fort potentiel de virulence, V. crassostreae, a été caractérisée pour sa
capacité a remplacer les communautés commensales de I'huitre pendant le POMS. Une
protéine extracellulaire de fonction inconnue, codée par le gene r5.7, et un plasmide
(pGV1512), sont nécessaires pour la virulence de la souche V. crassostreae J2-9 en infection



expérimentale, par injection (Bruto et al., 2017). Toutefois, ces deux déterminants de virulence
sont absents chez V. tasmaniensis. Ceci suggére que la virulence de ces deux espéces
résulte de différents mécanismes. Au départ de ma these, les mécanismes d'interaction de
J2-9 avec les hémocytes venaient d'éfre révélés par Tristan Rubio qui avait mis en évidence
une cytfotoxicité vis a vis des hémocytes, comme précédemment observé pour V.
tasmaniensis LGP32. Cette cytotoxicité ne dépendait pas toutefois de la phagocytose mais
du simple contact avec les hémocytes, indiquant un mécanisme extracellulaire (Rubio, 2018)

Dans I'article 2 nous avons ainsi développé une étude intégrative et comparative de
lintferaction héte-microbe de V. crassostreae et V. tasmaniensis avec les huifres. Nous avons
pu décrire les interactions cellulaires et les changements moléculaires qui se produisent chez
I'nbte et les bactéries au cours de la phase intra-hdte de l'infection. Ceci a été rendu possible
gr@ce a la mise au point d'un dual RNAseq in vivo. J'ai pu réaliser la validation fonctionnelle
des génes candidats bactériens nouvellement identifiés par I'invalidation de ces génes
(collaboration avec I'équipe de Frédérique Le Roux) et le phénotypage des interactions in
vivo et in vitro enfre les huitres ou leurs hémocytes et les mutants bactériens obtenus. Nos
données (article 2) nous ont permis de conclure qu'au sein du clade Splendidus, V.
crassostreae et V. tasmaniensis ont acquis des mécanismes spécifiques a l'espece qui
semblent converger vers la suppression des défenses cellulaires des huitres. Ces phénotypes
cytotoxiques sont nécessaires aux deux espéces pour la colonisation des fissus d'huitres
conduisant & la mort, et sont caractéristiques des souches virulentes. lls reposent sur R5.7 chez
V. crassostreae, dont I'expression est induite lors de la colonisation, et sur un systéme de
sécrétion de type 6 (T6SS) nouvellement identifié chez V. tasmaniensis. Dans des résultats
complémentaires de cette section, j'ai identifie un effecteur associé au TéSSchr-Leprs2
responsable de la cytotoxicité de V. tasmaniensis envers les hemocytes. Cependant, cet
effecteur ne semble pas nécessaire pour la virulence in vivo. Ces résultats préliminaires
ouvrent la voie d de nouveaux projets sur la caractérisation des effecteurs T6SS impliqués
dans la pathogenése de V. tasmaniensis.

SECTION Ill. COMPORTEMENT DE TRICHEURS DE VIBRIOS ASSOCIES AUX POMS

Le POMS a été largement caractérisé en rade de Brest, sur le littoral Atlantique francais, ou
des especes de Vibrio appartenant au clade Splendidus ont été régulierement trouvées
associées aux huitres moribondes qui contribuent de maniere significative & linfection
systémique conduisant & la mort des huttres (Gay et al., 2004 ; Saulnier et al., 2010 ; Lemire et
al., 2015 ; Bruto et al., 2017, 2018). Néanmoins, le POMS affecte I'élevage d'huitres dans le
monde entier, dans des environnements aux écologies différentes oU des variations dans la
composition de la communauté du Vibrio sont attendues (Turner et al., 2009 ; Takemura et
al., 2014 ; Li et al., 2020). Nous nous sommes donc demandés si différents assemblages
microbiens contribuaient au POMS dans différents écosystémes exploités pour I' ostréiculture,
et si oui, qu'elles étaient les fonctions exprimées par les vibrios participant d la pathogenése



dans ces différents environnements. Pour cela, nous avons étudié les communautés de
vibrios associés au POMS dans La lagune de Thau. Cette lagune est un écosystéme marin
méditerranéen avec une activité ostréicole importante qui souffre également depuis 2008
d'épisodes répétés de POMS affectant les hlitres juvéniles avec une forte présence d'OsHV-1
restreinte aux zones d'élevage (20% de la surface totale) (Pernet et al., 2012). La lagune de
Thau a une écologie qui differe de la rade de Brest, avec notamment une salinité plus élevée
et un régime de température qui pendant la moitié des années varie entre 16 et 30 ° C
(Lopez-Joven et al., 2018).

Une série d'échantillonnages a été réalisée dans la lagon de Thau par Philippe Haffner, en
commencant par un épisode POMS d I'automne 2015, confirmé par la présence d'OsHV-1
dans les huitres moribondes. Les échantillonnages suivants ont été réalisés en 2016 pendant
et en dehors des périodes de mortalité. En collaboration avec Maxime Bruto, Arnaud
Lagorce a caractérisé la structure des populations de vibrios dans les huitres et la colonne
d'eau. Mon fravail a consisté a (i) phénotyper les principales espéces retrouvées pour leur
capacité a coloniser les huitres dans des infections écologiquement réalistes (balnéation)
mettant en jeu le partenaire viral OsHV-1 pvar et (i) & déterminer les bases moléculaires sous-

jacentes aux associations mises en jeu par les especes colonisatrices.

Dans l'article 3 (en préparation), les résultats présentés montrent que dans la lagune de Thau,
linfection par OsHV-1 pvar était associée & une prévalence particuliere des membres du
clade Harveyi, avec des souches dffiliées taxonomiquement aux especes de Vibrio harveyi et
V. rotiferianus préférentiellement associées aux tissus d'huitres tandis que V. jasicida et V.
owensii étaient présents dans la colonne d'eau et exclus des huitres moribondes. La
reproduction de cette infection polymicrobienne en mésocosme et une étude fonctionnelle
de cette collection de souches nous ont permis de montrer que seules les especes V. harveyi
et V. rotiferianus colonisaient les huitres infectées par OsHV-1 pvar, reproduisant ainsi en
condition expérimentale I'observation de terrain. Lors de cette colonisation, I'ndte manipulé
par le virus n'en demeure pas moins un habitat que seules certaines espéces de Vibrio ont la
capacité de coloniser. L'analyse des génomes des espéces colonisatrices et des tests
fonctionnels de cytotoxicité et de production/acquisition de sidérophores nous permettent
de proposer que deux stratégies différentes de colonisation soient présentes parmi ces deux
espéeces de Vibrio. D'une part, I'espéce V. harveyi au fort potentiel de virulence utilise des
propriétés cytotoxiques pour affaiblir les défenses cellulaires de I'huitre, comme déjd observé
dans le clade Splendidus. D'autre part, I'espéce au faible potentiel de virulence, V.
rotiferianus, emploierait une stratégie de tricheur pour acquérir le fer nécessaire a sa
croissance de maniere non coopérative, gréce aux sidérophores produits par V. harveyi. De
maniére remarquable ces mécanismes ne sont efficaces que pour coloniser I'huitre infectée
par le virus, avec qui ces especes exercent une activité synergique qui se traduit par une
pathogénése accélérée. En I'absence de virus, la communauté des vibrios qui pénéterent



I'nuitre de maniére fransitoire, n'induisent pas de réponse immunitaire, révélant une
tolérance trés importante de I'huitre aux communautés bactériennes.

CHAPITRE 3. DISCUSSION GENERALE ET PERSPECTIVES FUTURES.

Dans I'état d'homéostasie immunitaire qui caractérise les huitres saines, des associations
préférentielles et positives de populations de vibrios peuvent étre maintenues dans les huitres
sans développement de maladie (Schmitt et al., 2012). Cependant, les facteurs abiotiques et
biotiques agissant sur I'holobionte (I'huitre et son microbiote associé) peuvent déclencher
une dysbiose dans laquelle la prolifération d'espéces opportunistes de vibrios entraine la mort
de I'héte. Dans cette thése, nous nous sommes intéressés 4 caractériser ces deux états
différents, qui questionnent la tolérance du systéme immunitaire de I'huitre et sa manipulation
par les vibrios. La section suivante abordera les principaux résultats de la thése, qui sont mis
en perspective de la littérature disponible. Je décris également un certain nombre de
développements futurs découlant de nos conclusions.

DES ARMES SPECIFIQUES AUX ESPECES DE VIBRIO POUR LYSER LES CELLULES IMMUNITAIRES ET
AFFAIBLIR LES DEFENSES IMMUNITAIRES DES HUITRES

Nous avons étudié ici des vibrios associés au POMS issus de deux milieux marins cdtiers
différents qui abritent une activité ostréicole importante, a savoir la rade de Brest sur la cote
atlanfique frangaise et la lagune de Thau, sur la cbte méditerranéenne. Les espéces de
vibrios pathogénes pour les huitres appartiennent au clade Splendidus dans I'Aflantique
(Lemire et al., 2015 ; Bruto ef al., 2017) et au clade Harveyi dans la lagune de Thau (Oyanedel
en préparation). Nous avons constaté que pour I'ensemble des populations virulentes de
vibrios que nous avons étudié, celles-ci expriment une cytotoxicité envers les cellules

immunitaires des huitres, les hemocytes (Rubio et al., 2019, Oyanedel en préparation).

Nos résultats de I'article 2, ont montré que les espéces virulentes de vibrios, V. crassostreae et
V. tasmaniensis sont caractérisées par des mécanismes spécifiques a l'espéce leur
permettant d’'affaiblir les défenses cellulaires de I'huitre et d'ouvrir la voie & des infections
systémiques. Au contraire, les souches non cytotoxiques des mémes espéeces de Vibrio sont
rapidement contrélées par les hémocytes par phagocytose et agglutination cellulaire,
empéchant ainsi une infection systémique. Cette capacité 4 supprimer les défenses
cellulaires des huitres a également été mise en évidence chez V. harveyi (article 3), une
espece qui colonise efficacement les huitres infectées par OsHV-1 & la fois sur le terrain et
dans des expériences au mésocosme. Virulence et cytotoxicité apparaissent donc
étroitement liées, probablement parce gu'elles déterminent le succés de la colonisation,
comme nous I'avons démontré dans le clade Splendidus (Rubio et al., 2019).

L'activité cytotoxiqgue des bactéries pathogénes peut mettre en jeu une diversité de
mécanismes et d'effecteurs. De maniére générale elle est liée I'activité de toxines qui sont



soit exportées par les bactéries dans le milieu extracellulaire, soit injectées ou administrées
par voie intracellulaire dans les cellules cibles via des systemes de sécrétion spécialisés (Ma et
al., 2009 ; Osorio, 2018). Comme développé dans l'article 2, les déterminants de la
cytotoxicité des vibrios envers les hémocytes ont évolué indépendamment chez V.
crassostreae et V. tasmaniensis. Chez V. crassostreae, la cytotoxicité et la virulence
dépendent fortement de la protéine R5.7 (absente de V. tasmaniensis), méme si la protéine
elle-méme n'est pas cytotoxique (Bruto et al., 2018). De plus cette cytotoxicité de V.
crassostreae exprimant R5.7 nécessite un contact physique direct avec les hémocytes (Rubio
et al., 2019). Dans le cas de V. tasmaniensis qui se comporte comme un pathogéne
infracellulaire facultatif des hémocytes d'huitre (Duperthuy et al., 2011), la perte du gene
ancestral r5.7, aurait été compensée par I'acquisition d'un TéSSchr-teps2 qui délivre des
effecteurs putatifs participant a la virulence et la cytotoxicité du V. tasmaniensis. De plus,
nous avons potentiellement identifié |'effecteur putatif du T6SSchn-Leraz présent dans toutes les
souches virulentes de V. tasmaniensis qui est l'orthologue evpP sécrété par le T6SS du
pathogene du poisson Edwardsiella tarda (Hu et al., 2014). La délétion d'evpP chez V.
tasmaniensis altére son potentiel de cytotoxicité, cependant, i n'a montré aucune
atténuation de la virulence lors dinfections expérimentales (données complémentaires,
section 11.3). Des expériences de complémentation ectopique sont & prévoir pour valider ces
phénotypes.

Chez l'espece V. harveyi associée aux POMS de la lagune de Thau, qui elle aussi est
cytotoxique, la génomique comparative nous a permis d'émetire I'hypothése que la
distribution différentielle d'un systéme de sécrétion de type lll dans le chromosome 1 (T35S1)
et les effecteurs cytotoxiques associés putatifs précédemment identifiés chez V.
parahaemolyticus (Broberg et al., 2010 ; Osorio, 2018 ; Wu ef al., 2020), pourraient contribuer
a leur cytotoxicité. Chez V. harveyi et V. jasicida, qui contiennent le deux les genes
structuraux du T3SS, mais présentent une cytotoxicité contrastée (V. jasicida n'est pas
cytotoxique), la principale différence que nous avons pu identifier est le nombre plus élevé
d'effecteurs cytotoxiques putatifs présents chez V. harveyi (Arginine ADP-ribosyl transférase,
VopQ, VopR, VopS et VPA0450) par rapport a V. jasicida (VopQ et VopS). La délétion ou
linvalidation ciblée des éléments structuraux de ce T3SS1 et des effecteurs putatifs associés
devraient aider & clarifier leurs roles respectifs dans la cytotoxicité et la virulence.
Récemment, des méthodes de manipulation génétique de V. harveyi ont été développées
avec succes (Delavat et al., 2018), ce qui devrait étre envisagé pour de futurs tfravaux de
manipulation de genes dans des souches Harveyi d'intérét.

Dans I'ensemble, nos données sur des populations distinctes de Vibrio (V. tasmaniensis, V.
crassostreae, V. harveyi) montrent que des armes spécifiques a l'espece sont utilisées pour
supprimer les cellules immunitaires des huitres au cours du POMS. Cela suggére que V.
tasmaniensis, V. crassostreae et V. harveyi sont probablement des agents pathogeénes



opportunistes et non de simples colonisateurs bénéficiant de l'immunosuppression de I'OsHV-
1.

AU DELA DES SOUCHES CYTOTOXIQUES, DES TRICHEURS BENEFICIENT DE L'INFECTION PAR
OsHV-1

En réalisant des études en mésocosmes pour réaliser des infections expérimentales
écologiquement réalistes. Les huitres ont été exposées a de I'eau de mer contenant le virus
OsHV-1 et une communauté Vibrio, au lieu des traditionnelles injections intramusculaires de
pathogenes donnés, ce qui nous a permis d'observer de nouveaux comportements parmi les
vibrios associés aux POMS. Dans un contexte, polymicrobien, il peut arriver que de multiples
interactions hote-bactéries et bactéries-bactéries modifient les pressions sélectives intra-hdtes
agissant sur les colonisateurs potentiels (Alizon, 2013). Dans I'article 3, nos résultats ont montré
que tous les vibrios capables de coloniser les huitres ne sont pas cytotoxiques, mais que
certains d'enfre eux peuvent bénéficier de l'activité du microbiote, qui non seulement
affaiblir les défenses immunitaires des huitres mais produire également des « biens publics »
utilisables par des fricheurs opportunistes.

C'est qinsi que I'espéce V. rotiferianus semble adopter un comportement de tricheur pour
l'acquisition du fer (Kramer et al., 2020) par absorption du sidérophore vibrioferrine. Cette
espéece, qui colonise efficacement les huitres, n'est pas cytotoxique et elle a perdu le cluster
de synthese de la vibrioferrine présent chez V. harveyi tout en conservant le géne codant
pour le récepteur apparenté, ce qui serait un exemple d'évolution des dépendances par
perte de géne adaptative, également connu comme I'hypothése de la reine noire (Morris,
2015). Nous avons confirmé in vitro que la croissance peut étre restaurée dans des conditions
de limitation du fer par les produits extracellulaires de V. harveyi, un producteur de
vibrioferrine. Ce résultat nous améne & proposer qu'en tant que population moyennement
virulente et cytotoxique, V. rofiferianus bénéficie de I'état physiologique altéré de I'hote
causé par des populations virulentes comme V. harveyi mais aussi de l'acquisition non
coopérative de biens publics tels que les sidérophores pour coloniser I'huitre par une stratégie
purement opportuniste. |l sera nécessaire de confirmer ces hypothéses en réalisant des
expériences supplémentaires avec des combinaisons isolées et spécifiques de populations
de vibrios pour répondre a deux questions en suspens : (i) La colonisation de I'ndte par V.
rotiferianus résulte-t-elle d'une stratégie opportuniste qui dépend de la présence de V.
harveyi 2 (i) Quels facteurs expliquent I'exclusion de V. owensii et V. jasicida des huitres ¢ Est-
ce d0 & des confraintes physiologiques (par exemple des exigences métaboliques) ou via
I'exclusion gréce & 'action antagoniste des membres du microbiote de I'néte 2

L'IMMUNOSUPPRESSION PAR L'OSHV-1 ET LA MODIFICATION DE L'HUITRE EN TANT QU'HABITAT

Dans le cas de I'infection expérimentale en mésocosme, la charge en vibrios n‘augmente
que de facon transitoire dans les tissus d'huitre pour diminuer plus tard de 48 h en absence du



virus OsHV-1. De maniere surprenante, nous n'avons pas observé d'expression génique
différentielle significative entre les huitres naives et les huitres exposées aux vibrios dans ce
contexte, contrairement aux fortes réponses transcriptionnelles qui sont induites par l'injection
de vibrios virulents ou non virulents (articles 2). Comme si le systéme immunitaire des huitres
ne détectait pas I'augmentation des charges de vibrios lorsqu'ils sont acquis par des voies
naturelles d'infection. La raison pour laquelle les vibrios n'induisent pas la réponse immunitaire
dans les configurations d'infection naturelle reste inconnue. Une hypothese possible est la
production par I'néte de PGRP & activité amidase (PGRP-LB), dont il a été démontré gu'elle
supprime la signalisation immunitaire conférant une tolérance au microbiote, chez d'autres
invertébrés (Zaidman-Rémy et al., 2006). En I'absence de changements transcriptomiques de
I'néte, la réfractivité des huitres & une colonisation stable par des vibrios exogenes nous a
incités a spéculer que I'nultre représentait un habitat hostile & coloniser par des vibrios sans
l'effet perturbateur de facteurs supplémentaires tels que l'immunosuppression par OsHY -1.
Ceci est étayé par nos données supplémentaires sur la tolérance au cuivre, au zinc et au
ROS (chapitre 2, section |, 4) et discuté plus en détail dans notre mini-revue (article 4). Cette
hypothese est en outre étayée par la reprogrammation transcriptionnelle des huitres en
présence d'OsHV-1, qui permet une colonisation stable des vibrios. Pour aider a clarifier la
dynamique d'association des vibrios avec les huitres saines, nous proposons de suivre la
localisation histologique des bactéries exprimant la GFP chez les huitres saines et affectées
par le POMS, au cours de la cinétique d'exposition de la méme maniére que les vibrios ont
été localisés par immunohistologie dans I'article 2.

LA CYTOTOXICITE DE V. SPLENDIDUS COLONISANT DES HUITRES SAINES : UN FACTEUR DE
COLONISATION PLUTOT QU'UN DETERMINANT DE LA VIRULENCE

En étudiant la population de V. splendidus #23 qui est associée aux huitres en dehors des
périodes de mortalités, et qui présente un potentiel de virulence modéré par rapport aux
populations de V. crassostreae ou V. splendidus # 24 collectées en période de mortalités
estivales, nous avons pu montrer que toutes les souches de Pop #23 étaient cytotoxiques vis-
a-vis des hémocytes in vitro, y compris la souche 4G1_4 considérée comme non virulente
(survie des huitres> 82% six jours apres injection). Cette souche non virulente est caractérisée
par I'absence de deux loci codants pour des facteurs de virulence potentiels, un complexe
MARTX et un T6SS. Dans le cadre de l'article 1 la caractérisation des déterminants de la
cytoxicité de V. splendidus n'a pas été ralisée. Cependant, comment il est présent dans
toutes les souches de Pop#23, nous pensons que R5.7 pourrait étre impliqgué dans la
cytotoxicité de V. splendidus, comme montré chez V. crassostreae, (Bruto et al., 2017, 2018)
ou il agit indépendamment de la présence du Té6SSpavisi2 pour provoquer la lyse hémocytaire
(Piel et al., 2019). Nos résultats montrent que la cytotoxicité envers les hémocytes est présente
dans les vibrios non virulents appartenant au microbiote des huitres saines (hors périodes de
mortalités). Ces résultats suggeérent que la cytotoxicité est essentielle dans les vibrios du clade



Splendidus pour coloniser les huitres, mais ils montrent également que la cytotoxicité n'est pas
un indicateur suffisant de virulence ; il contribuerait plutét & rendre I'huitre moins hostile & sa

colonisation.
TRADE-OFFS AGISSANT SUR LA VIRULENCE DES VIBRIOS COLONISANT DES HUITRES SAINES

Nous avons été intrigués par les souches de V. splendidus Pop #23 qui affichent une virulence
modérée tout en portant des facteurs de virulence tels qu'un MARTX et un T6SS4c4_4. Nous
avons pu identifier des différences dans le contenu du cluster génique hypervariable wbe,
responsable de la synthése de l'antigene O du LPS, enfre les souches moyennement
virulentes et non virulentes. En raison de sa localisation dans la membrane externe, I'antigene
O est soumis & des pressions sélectives de la part des prédateurs environnementaux et des
effecteurs antimicrobiens des hdtes métazoaires (Wildschutte et al., 2004 ; March et al., 2013).
Les résultats présentés dans l'article 1 indiquent que la sélection pour la résistance a la
prédation par modifications de l'antigene O peut étre en conflit avec la virulence,
contrairement d la sélection coincidente identifiée dans V. tasmaniensis LGP32 pour des
facteurs de virulence chez I'huitre également impliqués dans la résistance aux amibes
(Robino et al., 2019).

Le POMS semble sélectionner majoritairement des bactéries aux phénotypes virulents,
cytotoxiques, capables de coloniser des huitres immunodéprimées, a Il'exception des
tricheurs opportunistes identifiés en milieu méditerranéen (article 3). Etant donné que le virus
OsHV-1 se fransmet rapidement parmi les populations d'huitres sensibles (Fleury et al., 2020),
on s'attend & ce que dans ce contexte, la mort rapide de I'ndte favorise la fransmission du
virus aux individus permissifs proximaux, assurant ainsi de nouvelles niches réplicatives pour le
développement des populations virulentes. Il en va de méme pour les populations
bactériennes qui colonisent les huitres infectées par le virus, armées pour se répliquer dans
I'hdéte immunodéprimé. Dans ce cas, la virulence dépendant de la cytotoxicité envers les
hémocytes favorise la multiplication et la transmission bactérienne. En revanche, un
raisonnement opposé pourrait s'appliquer aux populations qui colonisent les huitres juvéniles
saines. Ces animaux sont en effet hostiles aux bactéries colonisatrices et donc I'expression
d'un potentiel de virulence élevé conduisant d la mort de I'héte peut étre dans ce cas mall
adapté (Alizon et Michalakis, 2015) car elle élimine la niche bactérienne obligeant les vibrios
a devoir coloniser de nouveaux hoétes immunocompétents avec un microbiote stable ou de
nouvelles niches réplicatives dans I'environment en dehors de cet héte. Ainsi, I'évolution vers
une virulence modérée et une résistance a la prédation, illustrée par Pop # 23, pourrait se
fraduire par une «fitness » globale plus élevée que celle résultant de la sélection pour la
virulence chez les populations colonisant des huitres saines.

PATHOGENES OPPORTUNISTES ASSOCIES AU POMS EN DEHORS DU GENRE VIBRIO

Récemment, des études indépendantes sur les mortalités massives de C. gigas ont permis



d'identifier que, bien que les vibrios soient effectivement présents chez les animaux malades,
ils ne sont pas le seul groupe bactérien a se développer dans les huitres malades affectées
par des facteurs de stress environnementaux biotiques et abiotiques tels que I'OsHV-1 ou de
hautes températures (de Lorgeril et al., 2018 ; Green et al., 2019 ; King et al., 2019). Parmi eux,
le genre Arcobacter a été régulierement trouvé enrichi dans les huitres malades. En outre,
Arcobacter bénéficie de la perturbation du microbiote et de la physiologie de I'hdte
provoquée par une injection de Vibrio pour dominer le microbiote associé d I'hémolymphe
(Lokmer and Wegner 2015). Parmi Arcobacter spp., la résistance aux antimicrobiens et aux
métaux ainsi que des facteurs de virulence ayant des effets cytotoxiques envers les cellules
de mammiferes ont été décrites (BrGckner et al., 2020). Compte tenu de ces caractéristiques,
il est probable qu'Arcobacter pourrait remplacer fonctionnellement Vibrio comme
pathogene opportuniste des huitres malades, cependant nous ignorons toujours si les
souches associées aux POMS expriment un potentiel de virulence ou si elles ont un
comportement opportuniste par acquisition de ressources. Avec le développement de la
métatranscriptomique appliquée au POMS par Annick Jacq et a sa collaboration avec notre
laboratoire, nous espérons en savoir plus sur la complémentarité fonctionnelle et/ou la

coopération des populations microbiennes contribuant a lissue fatale du POMS.
CONCLUSION

L'objectif de cette these était de caractériser les mécanismes d’interaction entre I'huitre
Crassostrea gigas et les vibrios dans un contexte sain ou pathologique. Si la plupart des vibrios
pénétrent le systéme circulatoire des huitres de maniére transitoire, sans induire de réponse
immunitaire, certaines especes montrent des associations préférentielles. Nos études
montrent que si la résistance aux antimicrobiens est un trait partagé par les populations de
vibrios associés aux huitres, elle n'est pas suffisante pour la colonisation d'huttres saines. En
revanche chez les vibrios colonisant les huitres saines, une virulence modérée pourrait étre
avantageuse. Ainsi, chez certains vibrios, certaines structures de I'antigéne O favorisent la
résistance aux prédateurs environnementaux mais entrainent une activation accrue du
systeme immunitaire des huitres qui réduit la virulence et la capacité de colonisation des
Vibrio chez cet hdte. En parallele, en explorant les populations de vibrios associés aux huitres
dans un contexte pathologique, suite & la perturbation de de I'nhuitre par le virus OsHV-1, nous
avons montré que la cytotoxicité envers les hémocytes de I'huitre était un déterminant clé
de la colonisation. Cette cytotoxicité est étroitement (mais pas exclusivement) associée d la
virulence et favorise la colonisation des huitres par des vibrios pathogénes capables de lyser
les cellules immunitaires de leur hdéte. Une autre stratégie basée sur ['utilisation non
coopérative des biens publics a également été observée chez une espece de vibrios
capable de coloniser les huitres affectées par le POMS. Il est vraisemblable que la synergie
du virus OsHV-1 et des vibrios virulents associés au POMS, en accélérant la mort des huitres,
favorise la transmission des pathogénes & de nouveaux hotes.



GENERAL INTRODUCTION

Bacteria of the Vibrio genus are ubiquitous inhabitants of aquatic environments that possess
a remarkable genomic and phenotypic plasticity, which allows them to undergo into a wide
range of niche specialization going from free-living forms to mutualistic, commensal and
pathogenic association with planfts and animals (Takemura et al., 2014; Le Roux and
Blokesch, 2018). In their association with animals, vibrios are part of the natural microbiota of
healthy marine organisms like corals, sponges and diverse species of bivalves as well as
infimate mutualistic symbionts of sepiloid squids (Ceccarelli and Colwell, 2014; McFall-Ngai,
2014). Nonetheless, several Vibrio species are well-known human pathogens and causative
agents of vibrioses in aquatic organisms with severe impact on fish and shellfish farming

worldwide (Romalde and Barja, 2010).

The Pacific Oyster Crassostrea gigas is a valuable product for human consumption that is
produced all along the French coast. Since 2008, farmed populations of oysters had suffered
from severe episodes of summer mortalities specially affecting juvenile oysters of less than 18
months, reaching mortality rates as high as 100% in French farms (Segarra et al., 2010). This
disease is known as the Pacific Oyster Mortality Syndrome (POMS). It has a complex etiology,
which involves the interaction between the host genetics and physiological state, the
environment, and pathogens, specifically microvariants of the ostreid herpes virus OsHV-1
and opportunistic bacteria including vibrios (Petton et al., 2015). POMS occur seasonally,
during a permissive seawater temperature window ranging from 16°C to 24°C and follows a
sequence of events that starts with the intense replication of OsHV-1 within the host leading
to an immunosuppressed state that is used for opportunistic bacteria, among them vibrios, fo
mount a secondary infection that causes the death of the host (de Lorgeril ef al., 2018).
Whether these Vibrio species are simple opportunists or actively participate in the infectious

process (opportunistic pathogens) has been highly debated.

Nonetheless pathogenicity does not summarize the interaction between the oysters and
vibrios. The population structure of the vibrio community present in different fraction of the
water column and in the oyster tissues shows that certain vibrio populations show preferential
association with the oyster even outside a pathological context, with little or no overlapping
in populations between diseased and healthy oysters (Bruto et al, 2017). Without the
influence of major stressors such as temperature (Green et al., 2019) or pathogens such as
OsHV-1 pvar, oysters possess a remarkable capacity to maintain immune homeostasis with its
resident microbiota (Schmitt et al., 2011), which should have shaped the genomes of the

bacterial groups able to establish a stable interaction with oysters as a host (Chow et al.,



2010).

The objective of the present thesis was to characterize the mechanisms underlying the
association of the oyster C. gigas with vibrio populations in health and disease. For this, we
studied vibrio populations that display a preferential association to the oyster fissues but are
isolated from contrasted contexts; i.e. the absence of mass mortalities when seawater
temperature is below 16°C, and the POMS outbreaks characterized by warmer waters
(above 16°C).

In CHAPTER 1 of my thesis, | present a review of (I) the main characteristic of the Vibrio genus,
the diversity of association that Vibrio establish in the environment and the mechanisms of
colonization with metazoan hosts, (II) the biology and immune defenses of our model host,
the oyster C. gigas and (lll) the latest knowledge about the POMS, the polymicrobial disease
that affects juvenile oysters whose etiology involves the OsHV-1 uvar virus and opportunistic

vibrios.

In CHAPTER 2, | present the results obtained during my thesis, divided into three section.
Section | describes a moderately virulent species of V. splendidus associated with healthy
oysters. We explore the tradeoffs existing between virulence and environmental persistence
in this species (article 1, Env. Microbiol.). We also investigate whether the resistance to oyster
antibacterial defenses determines the capacity of vibrios fo colonize healthy oysters (short
letter, in prep). In section Il, we present a comparative study of the mechanism of virulence of
V. crassostreae and V. tasmaniensis, two vibrio species associated with mortality outbreaks in
the Aflantic marine ecosystem. We show by which means these virulent species subvert the
host defenses enabling systemic infection (article 2, PNAS). Finally, in section lll, we
characterize the Vibrio community associated with POMS in the Mediterranean oyster-
farming site whose ecology differs from that of the Atlantic. We identify the strategies of those
Vibrio species that are able to benefit from the OsHV-1 immunosuppressed state of the host,

both killers and cheaters, to successfully colonize and infect oysters (article 3, in prep).

CHAPTER 3 presents a general discussion of the results obtained as a well as perspectives to
further explore the colonization of the oyster C. gigas by vibrios, considering the diversity of

biological and ecological contexts in which this process occurs.

This thesis manuscript ends with a minireview on Vibrio-bivalve interactions (article 4, Env.
Microbiol., ANNEX 1), in which we compare Vibrio interactions with important aquaculture

species, the oyster C. gigas and the mussels Mytilus edulis and M. galloprovincialis.



CHAPTER 1. STATE OF THE ART

I. THE GENUS VIBRIO

[.1 VIBRIO BIOLOGY AND DIVERSITY
Members of the family Vibrioneaceae (thereafter vibrios) are natural and ubiquitous

inhabitants of temperate marine, freshwater and estuarine environments where they
contribute to the carbon cycle, rhizospheric nitrogen fixation and display a wide range of
niche specialization that goes from free-living forms fto biotic associations establishing
mutualistic, commensal and pathogenic association with plants and animals (Johnson, 2013;
Ceccarelli et al., 2019). Several Vibrio species are well-known human pathogens causing
gastrointestinal diseases and wound infections (Osunla and Okoh, 2017) as well as causative
agents of vibrioses in aquatic organisms with severe impact on fish and shellfish farming
worldwide (Travers et al., 2015; Abdelaziz et al., 2017). However, vibrios are also part of the
natural microbiota of healthy marine organisms like, corals, sponges and diverse species of
bivalves (Boyd et al., 2015). As for example, the well-known bobtail squid-Vibrio fischeri (how
Aliivibrio fischeri) association represents a case of intimate mutualistic symbiosis (Nyholm and
McFall-Ngai, 2004).

Vibrios are small (0.5-0.8 ym wide, 1.4-2.6 ym long) straight or curved rod-shaped gram-
negative bacteria, with a single polar flagellum enclosed in a sheath (Thompson et al., 2009)
(Figure 1A and B). Median genome size in vibrios is around 5 Mbp and it is distributed in two
independently-replicating chromosomes of unequal size. This bipartite genomic structure,
which is an exception to the rule in bacterial genomes (Okada et al., 2005), is conserved
among vibrios, despite some naturally occurring chromosomes fusion events described in
isolates of V. cholerae (Chapman et al., 2015). While the larger chromosome (chromosome 1)
usually carries most of the essential genes, the smaller one (chromosome 2) displays adaptive,
species-specific genes and it would have been acquired as a mega plasmid before the

diversification of Vibrionaceae (Reen et al., 2006).

Vibrios use a chemosensory system to sense environmental signals and actively move towards
dissolved or particulate organic matter in search for nutritional sources or escape from
harmful substances, in a process called chemotaxis (Takemura et al., 2014; Ringgaard et al.,
2018). Locomotion is mediated by the flagella, which in vibrios correspond to a sodium-driven
molecular machine that can spin at up fo 1,700 Hz, conferring them a higher speed and
mofility relative to other bacteria like salmonella, which posses a proton-driven flagellum with

spin frequencies around 300 Hz (Minamino and Imada, 2015).



They are heterotrophic bacteria with a facultative anaerobic metabolism (Gomez-Gil et al.,
2014). In the marine environment they mostly rely on catabolizing carbohydrates, proteins

and lipids and are able to hydrolyze sugars and amino acids, when available (Grimes, 2020).

The maijority of vibrios can degrade the chitin polymer (Gooday, 1990; Keyhani and
Roseman, 1999), which is the most abundant biopolymer in the aquatic environment,
composed of B-(1.4)-linked N-acetyl-D-glucosamine (Le Roux and Blokesch, 2018), as well as,
to alesser extent, algal and plant polysaccharides (Takemura et al., 2017). As an example of
specialization to algal exploitation, V. breoganii, which has lost the ability to degrade chitin, is
able to catabolize alginate, laminarin and additional glycans present in the cell wall of brown
algae (Corzett et al., 2018). Additionally, the production of extracellular proteases allow them
to effectively utilize some abundant animal resources such as collagens, which all vibrios are

able to catabolize (Grimes, 2020).

The study of environmental dynamics of Vibrio species, has mainly focused on species
pathogenic to humans. It was shown that salinity and temperature are the two main drivers of
Vibrio dynamics (Takemura et al., 2014). Vibrios inhabit temperate waters growing in a
temperature range that goes from 15 to 40°C with an optimum between 25-30°C (Sawabe et
al., 2013). They are mesophilic bacteria and most species are halophilic and require saline
medium for growth (Thompson et al., 2004). The minimal concentration of Na+ for optimal
growth varies between 5 and 700 mM, depending on the species (Farmer et al., 2015). It is
estimated that vibrios constitute 10% of the total culturable marine bacteria, thus representing
one of the most abundant culturable fraction of marine bacteria (Eilers et al., 2000). In the
water column, culture dependent studies estimate an average of 103 to 1086 CFU L' while
culture independent methods estimate 104 to 108 16S rRNA copies L' representing 1% of the

total bacterioplankton in coastal waters (Rehnstam et al., 1993).

Vibrios are easily cultured on both selective and non-selective standard media and this had
allowed research activities over the pre-molecular era of microbiology (Takemura et al.,
2014) and more recently, DNA sequencing and culture-independent approaches has
unraveled the outstanding genetic diversity that characterize environmental vibrios (Dryselius
et al., 2007).

[.2 VIBRIO TAXONOMIC ORGANIZATION
The Vibrionaceae is a family of y-proteobacteria that gathers, to date, 155 validly published

species distributed among 11 genus: Aliivibrio (6 spp), Catenococcus (1 spp), Echinomonas (1
spp). Enterovibrio (5 spp), Grimontia (3 spp). Listonella (2 spp)., Paraphotobacterium,
Photobacterium (1 spp), Salinivibrio (6 spp), Thaumaslovibrio (2 spp) and Vibrio (128 spp)



https://lpsn.dsmz.de/family/vibrionaceae.

This represents a wide and diversified family of bacteria belonging to many different closely
related species. This limits the interspecies resolution using 16S rRNA gene polymorphism;
hence several faster evolving and highly polymorphic protein-coding genes have been used
in Multi Locus Sequence Analysis (MLSA) to reconstruct the phylogenetic relationships, to
assess biodiversity and to infer the evolutionary history of this group (Sawabe et al., 2007;
Gabriel et al., 2014). By using a MLSA approach based on the analysis of 9 housekeeping
genes (ftsZ, gapA, gyrB, mreB, pyrH, recA, rooA, topA and the 16S RNA gene) over 58 strains,
Sawabe and collaborators defined 14 monophyletic clades and more than 60 vibrio species
(Sawabe et al., 2007). This phylogeny was improved further more recently (Sawabe et al.,
2013) by using 86 vibrio strains, 10 vibrio genomes, and 8 housekeeping genes: eight new

clades were identified and 9 others were updated (Figure 1C).
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Figure 1. Morphological traits and taxonomy of vibrios

(A) Light microscopy images of Vibrios species, scale bars are 2 pym. (B) Transmission Electron
Microscopy image of negatively stained V. alginolyticus showing the polar flagellum, scale bar 0.5 um
(right), Imaging of a single sheathed polar flagellum of V. alginolyticus (scale bar 0.15 um) showing the
detailed motor structure (scale bar 0.2 um) (left) (modified from Zhu et al., 2017). (C) Phylogenetic tree

of Vibrionaceae based on 86 strains, 10 sequenced genomes and 8 housekeeping genes (ftsZ, gapA,



gyrB, merB, pyrH, rooA,topA and the 16S rRNA) (taken from Sawabe et al., 2013).

[.3 VIBRIO ECOLOGICAL POPULATIONS: BRINGING TOGETHER GENETIC RELATEDNESS AND
ECOLOGICAL FUNCTION

Taxonomic classification of bacterial isolates relies on a polyphasic identification of species
that integrates all available phenotypic and genotypic information (Gillis et al., 2015). This
approach often fails to integrate fine scale information about bacteria-scale potential
habitats (Preheim et al., 2011b). Although the physical space that a group of organisms
occupies is key information to characterize the ecology of a species, this aspect remains
limited for bacteria including vibrios. Pioneering work has coupled ecological sampling with
high resolufion genotyping, showing that vibrios whose coexist in the water column following
different lifestyles (free-living or aftached to particles or zooplankton) can be partitioned
according fo genetic and ecological similarities and thus, define vibrio ecological
populations constituted by genotypic clusters sharing temporal or spatial common habitats
which are connected by dispersal (Hunt ef al., 2008; Preheim et al., 2011b). Due fo this
connection between habitats by dispersal, a metapopulation framework can be applied to
consider possible overlaps or differences of populations isolated from distinct habitafs
(Preheim et al., 2011a).

Moreover, it has been demonstrated that these ecological populations also represent units of
gene flow where the recombination rate is higher within than between populations, which
allows adaptive genes to spread in a population-specific way (Le Roux et al., 2016). In the
context of vibrios interactions with oysters, this ecological population framework has allowed
to study how vibrio populations assemble into the oyster during health and disease and to
identify functional units of pathogenesis in vibrios by mapping virulence determinants onto

population structure (Lemire et al., 2015; Bruto et al., 2017, 2018).
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Figure 2. Metapopulation structure of vibrios.

(A) Dispersal routes of bacterial populations through food chain interactions proposed by Preheim et al.,
2011, and used as a sampling strategy to define and compare the population structure of vibrios across
animal host and the water column. (B) Prediction of the population structure based on the ecological
sampling showed in (A). Maximum likelihood gene tree constructed by concatenated protein-coding
genes used for the MLST genotyping. Phylogenetic tfree constructed trough MLST genotyping with 1753
vibrio isolates integrating season of sampling (grey or black outer ring) and predicted habitat
categories (colored inner ring). The right panel indicated the distribution of each of the identified
populations across seasons and predicted habitats. It highlights the overlap of populations among
different habitats. Color code for the predicted habitats and live or death condition of the host is
indicated in the "“Isolation data” box. Abbreviation : F, fall ; S, Spring ; C, Crab ; M, Mussel ; G, Gill ; S,
Stomach Tissue ; SC, Stomach Contents ; H, Hindgut Tissue ; HC, Hindgut Contents ; Z, Zooplankton.

[.4 DIVERSITY OF VIBRIO INTERACTIONS IN THE ENVIRONMENT
Vibrios belong to one of the two major groups that constitute the prokaryotic picoplankton at

the ocean surface. While the first group, which includes Pelagibacter (SAR11),
Prochlorococcus, and Synechococcus corresponds to relatively small cells with streamlined

genomes and low biomass, vibrios are characterized by their lower abundance but high
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biomass per cell, metabolic diversity and phenotypic plasticity (Leroux and Blokesch, 2018).

Although it was first proposed that the presence of vibrio in the water column was mainly a
consequence of their excretion on animal feces (Takemura et al., 2014), It was later
evidenced that their genetic diversity and phenotypic plasticity allow them to adopt a
variety of complex associations in the environment; while tight associations with animals do
exist for some Vibrio species, other can be loosely associated with metazoans (Preheim et al.,
2011q).

[.4.1 FREE-LIVING AND PARTICLE ATTACHED LIFESTYLES
In microcosms, purely dissolved nufrients, derived from algal exudates, are able to sustain the

proliferation of vibrios in a free-living state, overcoming competition and predation by grazers
(Mourifo-Pérez et al., 2003; Worden et al., 2006; Eiler et al., 2007). Although able to proliferate
from dissolved nutrient, vibrios are more frequently found attached to biotic and abiofic
surfaces, and this lifestyle has been related to their environmental persistence (Reen et al.,
2006). Dead biomass of small planktonic organisms, fecal pellets and polymer aggregates
such as marine snows may represent microhabitats for vibrios and provide resources for

growth (Takemura et al., 2014).

Two sympatric ecological populations of V. cyclitrophicus presenting different food-seeking
behavior have been shown to favor early stages of differentiation through a gene-specific
selective sweep mechanism leading to gradual genome wide differentiation (Shapiro et al.,
2012). Behavioral confirmation defined two distinct populations, the L population, which is
specialized in growing aftached to large particles, and the S population, which benefits from
rapid detection and swarming towards fransient patches of dissolved nutrients (Figure 3A).
The recent gain or loss of 2 gene clusters exclusive to the L population related to attachments
(msh gene cluster) and biofilm formation (syp gene cluster) have been proposed to explain
the behavioral differences between L and S that impose boundaries to previous unrestricted
recombination within the parental populations, triggering an ecological differentiation that

may lead to speciatfion (Vaninsberghe et al., 2020).

As certain vibrio population fransiently associate to organic particles and planktonic hosts
(both metazoans and protozoans), this can increase the colonization efficiency of filter
feeding organisms that show size-dependent retention of particles such as oysters or mussels
(Duinker and Cranford, 2012; Bruto ef al., 2017). It has been recently demonstrated that the
association of V. vulnificus with artificial marine snow (AMS) can dramatically increase the
colonization success of the oyster C. gigas (Figure 3B). While this study was applied fo the

human pathogen V. vulnificus, this novel mechanism enhancing bivalve colonization may be

21



extended to other vibrio species that are pathogenic for oysters.
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Figure 3. Free-living and particle-associated dynamics of vibrios.
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(A) Model for behavioral adaptations of two sympatric V. cyclifrophicus populations. Both populations
respond to nutrient gradient but only the L population carrying key genes linked to adhesion and
biofim-producing genes are able to establish in the particle while the S populations stay around the
particle benefiting from the dissolved nutrient patch. In proximity of a new nutrient rich particle, the free-
swimming S population is able to readily migrate (Modified from Shapiro and Polz. 2015). (B) Scanning
electron microscopy photograph of V. vulnificus bacteria (in pink) attached to artificial marine snow
particles (Modified from Hubert and Michell. 2020).

[.4.2 BIOTIC ASSOCIATIONS
While capable of thriving in a free-living or particle associated state, vibrio can also take

advantage of the association with plants, algae, zooplankton and other animals that sustain
proliferation and dispersion (Figure 4A) (Takemura et al., 2014; Le Roux and Blokesch, 2018),
nonetheless, for most of these examples the formal demonstration of an intfimate host
microbe interaction and the underlying molecular mechanisms are often lacking (Le Roux
and Blokesch, 2018).
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Figure 4. Environmental dynamics of vibrios association with biotic surfaces.

(A) The wide range of associations of vibrios exemplified with four well described Vibrio species
(modified from Reen et al., 2006). (B) SEM image of V. cholerae biofilm formed in chitin derived from
crab shells, bar 5um (modified from Echazarra and Klore. 2019. (C) Migration of Vibrio fischeri (in green)
through the pores that connect with the light organ 2-5 hours after the initial aggregation, bar 10 um
(modified from Nyholm and Macfall-Ngai. 2004).

ASSOCIATIONS WITH PHYTO AND ZOOPLANKTON
Vibrios have a numerical dominance on phytoplankton surfaces, as demonstrated by

culture-based studies, but direct physical association with specific phytoplankton has only
been described for V. cholerae with two microalgal species, the freshwater Rhizoclonium
fontanum (Islam et al., 1989) and Anabaena sp, both in freshwater (Islam et al., 1999) and

saline condition (Ferdous, 2009).

Associations with zooplankton have also been studied, attachment of V. cholerae to
copepods species such Ascartia and Eurytemora has been evidenced while exploring the
potential role of these planktonic species as a reservoir of V. cholerae. It has been proposed
a role of the main virulence factors of V. cholerae, the cholera toxin (CT) and the toxin co-
regulated pilus (TCP) in a mutudlistic relationship with copepods, where attachment to the
chifinous exoskeleton is mediated by the TCP, providing a growth substrate to V. cholerae,
and the increased ClI- secretion and reduced Na+ absorption produced by the CT has an
advantageous osmoregulatory effect for the crustacean host moving towards increasing

salinities (Reen et al., 2006).

Other than copepods, cladocerans have been described also as a possible host for V.
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cholerae with the potential to enhance growth when added to the mesocosm. The number
of vibrios attached per individual cladoceran was 100 times higher compared to copepods.
Nevertheless, there was no evidence of an enrichment of vibrios attached to cladocerans
compared to the water column and therefore the authors suggested that frequent dispersal
and no permanent attachment characterize this supported growth of vibrios by cladocerans
(Kirschner et al., 2011).

Beyond V. cholerae, in a comprehensive study on the metapopulation structure of
Vibronacea among invertebrates (Figure 2A), Preheim et al. (2011) showed that the
crustacean zooplanktonic fraction of the water column contained the lesser diverse but
more specific assembly of vibrio populations compared to other invertebrates such as crabs
and mussels. Interestingly, the authors distinguished dead from alive zooplankton. While
vibrios were found associated with both dead and alive specimens, they displayed a higher
relative frequency in dead individuals. This suggests a preferential saprophytic lifestyle
benefiting from the degradation of the dead host tissues and the chitinaceous carapaces,
thanks to the already discussed capacity of vibrios to degrade chitin. Overall, both phyto
and zooplankton appear to be able to support vibrio growth in a free-living state by
providing dissolved organic carbon but also participating in direct physical interaction with
vibrios. Still, for the majority of these associations a clear distinction between fransitory or

specialized and stable associations is missing.

ASSOCIATION WITH ANIMALS
Historically, since the first observation of V. cholerae by Filippo Pacini from cholera stools in

1854 and its later isolation by Robert Koch in 1883, vibrios have been mainly studied as
vertebrate and invertebrate pathogens (Thompson et al., 2004). The four well-known species,
V. cholerae, V. vulnificus, V. parahaemolyticus and V. alginolyticus, have been defined
based on their incidence and severity of the disease that they cause to humans; and several
other species, such as V. splendidus, V. crassostreae, V. harveyi, V. cordllilyticus, V.
aestuarianus, V. anguillarum have been associated with infectious diseases affecting marine

organisms like fish, bivalves and corals (Le Roux et al., 2015).

In contrast, for some of them an exchange of benefits between vibrios and the host has been
suggested to represent frue mutudlistic relationships. The mutualism of luminescent vibrios with
certain squid species has served as models to disentangle the mechanisms underpinning this
type of symbiotic association (Figure 4B) (Ruby and Lee, 1998). The symbiosis between the V.
fischeri and the bobtail Euprymna scolopes being the most documented one. While not an
obligatory relafionship, the light organ of the squid, provides a safe and nutritious

environment for V. fischeri while the squid uses the light produced by the bacteria in a
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counter illumination strategy to avoid predators during the night (Nyholm and McFall-Ngai,
2004). The establishment, development and maintenance of V. fischeri in the light organ
results from an intricate interplay between the symbionts and the host. V. fischeri cells use
chemotaxis and aggregate in biofilms in the mucus secreted by the ciliated epithelia of the
surface of the light organ. Next, symbionts migrate into the pores and through the ducts that
connect to the light organ crypts where V. fischeri is exposed to oxidative stress. Symbionts
are able to attenuate the nitric oxide production and induce, through peptidoglycan and
lipopolysaccharide signaling, a morphogenesis of the epithelial fields that discourage
subsequent colonization (Figure 5A). From there, symbionts go through daily cycles of
expulsion and regrowth. The continuous discovery of novel symbiotic determinants in this
model has shown that copper efflux is also determinant for V. fischeri resilience in the light
organ (Brooks et al., 2014) and that different V. fischeri genotypes can undergo into bacterial
competition, which could underlie the observation that the vibrio populations in the light

organ are often dominated by a single strain (Figure 5B) (Speare et al., 2018).
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Figure 5. The paradigmatic vibrio-squid mutualism.

(A) Model of colonization of the light organ of E. scolopes (a) Mucus secretion by E. scolopes in
response to bacterial presence (b) Only Gram-negative bacteria aggregate in the mucus (c) Gram-
positive bacteria exclusion from aggregates (d) Viable and motfile V. fischeri migrate through the pores
that connect with the light organ (e) Successful colonizers become non-motile and induce
morphological changes in the host that inhibits further colonization (Modified from Nyholm and McFall-
Ngai. 2004). (B) Symbionts V. fischeri are able to compete with conspecifics through a strain-specific
Type VI secretion system. Co-incubation of the non-lethal type strain ES114 with different V. fischeri

strains isolated from the light organ show a strain-specific killing activity.
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Among animals, interactions of vibrios with diverse benthic organisms have been well
documented also, such as interactions with diverse bivalves (Lokmer and Mathias Wegner,
2015; Lokmer et al., 2016a), gastropods (Sawabe, 2006) and crustaceans (Davis and
Sizemore, 1982; Sullivan and Neigel, 2018). There are evidences that suggest the stable gut
colonization of the herbivorous Haliotis abalone by V. haliotis, based on specificity of
occurrence only in Haliotis and a possible role of the alginolytic activity of V. haliotis in the
digestion of algal polysaccharides in the abalone (Takemura et al., 2014). In confrast other
vibrio species such as V. harveyi and V. parahaemolyticus are the etiological agents of
severe vibriosis in Haliotis species (Cardinaud et al., 2014; Lu et al., 2017). The same is true for
filter feeding organisms like oyster and mussels where vibrios are part of the normal
microbiota of healthy individual but also, especially in the case of oysters, are responsible for
severe vibriosis in larvae, juveniles and adults (Hasegawa et al., 2008; Bruto et al., 2017; Lupo

et al., 2019). We will see these interactions in further details in a dedicated section below.

ACCIDENTAL INFECTIONS IN HUMANS
Humans can also become hosts for vibrio through the accidental ingestion of contaminated

water or seafood, but also by the mere exposure of open wound to contaminated water. The
most common disease caused by the 11 recognized species pathogenic for humans are
gastroenteritis and wound infections, which can be deadly specially in immunocompromised

individuals.

V. CHOLERAE
Cholera is the most famous disease caused by any vibrio in humans as it can cause epidemic

outbreaks. It is a severe diarrheal disease caused by V. cholerae for which it has been
described more than 200 serogroups, but only O1 and O139 serogroups have been
responsible for large scale cholera outbreaks. Upon pathogen entrance through ingestion, V.
cholerae colonizes the small intestine thanks to a lipopolysaccharide (LPS) mediated
resistance to complement and the expression of the foxin co-regulated pilus (TCP) that
promote bacteria-bacteria interaction and the formation of microcolonies on the surface of
epithelial cells. Once stablished, the expression of the cholera toxin promotes a massive fluid
and electrolyte efflux that causes the severe diarrhea that characterizes the cholera disease

(Saha and LaRocque, 2012).

V. PARAHAEMOLYTICUS
Acute gastroenteritis caused by V. parahaemolyticus is also linked to the consumption of raw

or uncooked fish and shellfish (Lee et al., 2003). The vibrio colonizes the human small intestine

presumably through the expression of a series of virulence factors including adhesins,
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hemolysins (TDH and TRH) and effectors involved in attachment and cytotoxic activity foward
the host cells which are secreted through a specialized protein delivery nanomachine called
type Il secrefion system (de Souza Sanfos and Orth, 2014). V. parahaemolyticus can
eventually infect wounds which is related to higher mortality risk due to septicemia. In shrimps,
V. parahaemolyticus is the causative agent of an acute hepatopancreatic disease (AHPND)
which is currently threatening shrimp culture worldwide. The highly virulent strains of V.
parahaemolyticus associated with this disease, express two deadly foxins, PirA and PirB,
encoded in the virulence plasmid pVAT, which has been suggested to have been either lost
or acquired through horizontal gene fransfer (Lee et al., 2015) and has been identified in
other Vibrio species pathogenic for shrimps such as V. campbelli, V. harveyi and V. owensii

(Pena-Navarro et al., 2020).

V. VULNIFICUS
V. vulnificus is a rarely infecting but highly lethal opportunistic pathogen for humans which

naturally inhabits the coastal marine environment and an emergent pathogen for
aquaculture species (Jones and Oliver, 2009; Le Roux and Blokesch, 2018). Strains are
classified based on biochemical, serological and host range characteristics in three different
biotypes. Biotypes 1 is mostly associated with disease in humans and commonly found
associated from shellfish, biotype 2 associated with disease in eels but also an opportunistic
pathogen for humans (Amaro and Biosca, 1996) and a third one with strains genetically

distinct from biotype 1 and 2 and limited to Israel (Bisharat et al., 1999).

Consumption of contaminated seafood or open wound exposure can lead to severe
systemic infection and septic shock linked to the coordinated expression of several putative
virulence factors such as capsular polysaccharide, cytotoxic MARTX (Multifunctional-
Autoprocessing Repeats-in-ToXin) toxins, hemolysin, the metalloprotease VVP, essential for
mucus colonization in fish and siderophores for iron acquisition under limiting conditions,
(Herndndez-Cabanyero and Amaro, 2020 ; Li and Wang, 2020). Survival of V. vulnificus in the
human blood is directly linked to elevated iron concentration in the serum due to
hematological conditions such as hemochromatosis and thalassemia (Strom and Paranjpye,
2000). Despite the number of putative virulence factors identified, the majority of V. vulnificus
isolated are non-pathogenic to humans and the factors described above have not been

reliably correlated with disease in humans (Li and Wang, 2020).

[.4.3 VIBRIO ASSOCIATIONS WITH BIVALVES IN HEALTH AND DISEASE
Bivalves are the second largest group in the Phyllum Mollusca and have a fundamental role

in ecology marine ecosystem including nutrient recycling, habitat creation and influence
over food webs (Vaughn and Hoellein, 2018). They include farmed species of economic

importance and represent a unigue model to study colonization and disease dynamics in
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vibrios (Le Roux et al., 2016).

Most bivalves adopt a sessile lifestyle in their adult stages and therefore, they cannot escape
predation. They take up large amounts of water for feeding and oxygen assimilafion purpose,
thus are unavoidably submitted to the dynamic of the diverse microbial communities in close
proximity (Takeuchi ef al., 2016). From this microbe-rich environment, bivalves are colonized
by a diverse and rich microbiota composed of species from various genera like Vibrio,
Pseudomonas, Acinetobacter, Phofobacterium, Moraxella, Aeromonas, Micrococcus and
Bacillus (Romalde ef al., 2014). This composition has been determined by culture-
independent methods based on the sequencing of the 16S rRNA gene in oysters, clams and
mussels showing that the gut microbiota possesses a community composition that differs from
that of the proximal water column (Lokmer et al., 2016b). In the oyster, where other fissues
such as the gills, mantle, muscle and hemolymph have been studied, the latter is
characterized by a similar evenness but higher species richness than the solid-tissues. Despite
this apparent selectivity imposed by the host to microbial assembly, the existence of a host-
specific microbiota in oysters is sfill debated as its composition varies according to the
seasonal and local variations of the environmental microflora (Schmitt et al., 2012b).
Moreover, depuration in UV-treated water decreases the concentration of some vibrio
species like V. vulnificus in oysters (Tamplin and Capers 1992), while other vibrio species resist
to this treatment in other edible bivalves (Pruzzo et al., 2005; Vezzulli et al., 2018), which
suggests that they could belong to a persistent microbiota in oysters (Schmitt, Rosa, ef al.,
2012). Paradoxically, vibrios that are able to enter the circulatory system of bivalves, coexist in
the invertebrate analog of blood, the hemolymph, with immunocompetent cells and soluble
antfimicrobial effectors which through complex mechanisms of recognition and regulation,
are able to tolerate the presence of a diversity of bacterial groups while limiting the

proliferation and infection of potentially pathogenic bacteria (Bachére et al., 2015).

Vibrios include opportunistic pathogens which under certain conditions proliferate and
invade deeper tissues causing systemic infection (Lemire et al., 2015; Bruto et al., 2017).
Mortality outbreaks associated with several vibrio species have been registered in cultivated
bivalves such as oyster, clams and mussels (Saulnier et al., 2010; Travers et al., 2015; Le Roux et
al., 2016; Dubert et al., 2017; Green et al., 2019). Susceptibility to vibrio infection is not
homogeneous among bivalves. While oysters are frequently affected by recurrent and
seasonal vibriosis, few cases of mortality outbreaks are reported for mussels (Gestal et al.,
2008; Watermann et al., 2008) despite that, just like in oysters, vibrios concenfrate on their
fissues (Stabili et al., 2005). More recently a Vibrio strain (10/068) associated with one of these
outbreaks was isolated and used to evaluate the response to infection mussel, which

previously had been only evaluated with strains pathogenic to the oyster. Vibrio 10/068 was
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shown to be rapidly internalized by the phagocytes of the mussel but it inhibited defense-
related functions such as ROS production through the secrefion of extracellular products that

sfill remain to be characterized (Ben Cheikh et al., 2016).

A thorough analysis of vibrio population structure between the oyster tissues and the water
column was made by comparing the frequency and abundance of defined vibrio
population between these two main compartments in the spring and summer season. This
allowed to define first, that some vibrio populations are preferentially associated with the
oyster tissues in the spring seasons in absence of juvenile mortalities and second, that the
vibrio population structure in both the water column and the oyster is highly defined by the
season with V. crassostreae particularly abundant in diseased animals in summer showing a
clear correlation of pathogenicity with the presence of a large mobilizable plasmid (Bruto et
al., 2017).

[.5 VIBRIO ECO-EVOLUTIONARY DYNAMICS

It is typically assumed that evolution and population dynamics are processes that occur at
such different timescales that they are considered as de-coupled, nevertheless growing
evidence has shown that rapid changes in allelic frequencies within microbial population
can in fact cause noficeable ecological changes establishing an eco-evolutionary dynamics
(Bohannan and Lenski, 2000; Sanchez and Gore, 2013).

We have discussed so far, the diversity of interactions of vibrios within the environment. In this
dynamics, biotic and abiotic factors in the environment shape the evolution of vibrio
populations by selecting genomic events (deletion, duplication or horizontal gene transfer),

thus generating phenotypic diversity (Le Roux and Blokesch, 2018).

Among the events that contribute to genomic variation in vibrio, intensive horizontal gene
fransfer has ben described has a major player in the eco-evolutionary dynamics of vibrios,

driving niche adaptation and speciation (Le Roux and Blokesch, 2018; Chibani et al., 2020).

[.5.1 HORIZONTAL GENE TRANSFER
In an ecological population framework, closely related vibrio strains share a common habitat

and gene pool, exchanging genes by horizontal gene transfer at a sufficiently high rate fo
evolve as gene flow units where gene flow boundaries are strong enough for adaptive genes
fo spread in a population-specific way (Le Roux ef al., 2016). This gene flow boundaries
specifically refers fo the magnitude of gene flow that occurs between microbial populations
and which is mainly determined by the genetic similarity and ecological overlap between

the strains that make up those populations (Shapiro and Polz, 2015). Here again, genetics
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interlinks with ecology as efficiency of homologous recombination of genes acquired by HGT
decrease exponentially with sequence divergence but the fransfer probability increases with
the greater physical contact that characterize strains that share the same habitat
(Vaninsberghe et al., 2020).

Through the study of genome plasticity, it has been demonstrated that the three major and
most studied mechanisms of HGT in prokaryotes, namely natural competence for
fransformation, conjugation and fransduction, occur in vibrios. The principal characteristics of

these mechanisms are briefly described below.

NATURAL COMPETENCE FOR TRANSFORMATION
This mechanism describes the physiological state in which a DNA-uptake nanomachine

enables its uptake from the surroundings. Briefly, it includes a type IV pilus adherence
structure, an extendable appendage that binds extracellular DNA, and upon retraction, is
thought to open the outer membrane secretin pore from which the extracellular DNA is
infernalized and pulled info the cytoplasm by a periplasmic DNA-binding protein (Blokesch,
2016). If the incoming DNA is successfully integrated into the chromosome by homologous
recombination the bacterial genome is considered naturally transformed (Lo Scrudato and
Blokesch, 2012; Metzger and Blokesch, 2016; Le Roux and Blokesch, 2018). The abundance of
the chitinous polysaccharides in the marine environment could favor such HGT events, as
chitin can induce the state of natural competence for fransformation in several vibrio species
(V. cholerae, V. fischeri, V. parahaemolyticus, and V. vulnificus) upon growth on chitin. The
characterization of this developmental program in V. cholerae has shown that additional
environmental cues such as a high cell density and the absence of catabolite-repressing
sugars are necessary for entering the natural competence state (Lo Scrudato and Blokesch,
2012).

CONJUGATION
Transfer of genetic material by conjugation requires direct cell-fo-cell contact and the

synthesis of a muliiple-protein mating pilus between the donor and recipient bacteria. This
type of transfer represents the primary mode by which plasmid-borne anftibiotic resistant

gene are transfer by HGT (Le Roux and Blokesch, 2018).

TRANSDUCTION
Bacteriophages not only represent a predatory agent for bacteria but also mediate

horizontal gene transfer. During phage replication, due to the low fidelity of DNA packaging,
pieces of host DNA can result encapsidated in a new viral particle and be transferred from

one cell to another (Le Roux and Blokesch, 2018; Chiang et al., 2019).

[.5.2 EVOLUTION OF VIBRIOS BY HGT
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The horizontal acquisition of mobile genetic elements was shown to play a key role in the
virulence of vibrios. Typical examples like the acquisition of prophages, seroconversion and

multidrug resistance are described below.

PROPHAGE ACQUISITION
Lysogenic prophages and genomic islands have been shown to be determinant for the

development of virulence. The "pandemic genome” (PG) group that reunite the pathogenic
clones of V. cholerae that are able to cause cholera disease in humans, have emerged
through the acquisition, by HGT, of two key mobile genetic elements, the CTX® prophage,
that encodes the CTX and the Zonula occludens toxin (zot), and the Vibrio Pathogenicity
Island-1, which encodes the toxin-co-regulated pilus (TCP)(O'Shea and Boyd, 2002; Castillo et
al., 2018).

The acquisition of phage-associated toxins is not restricted to V. cholerae but also occur in
other several marine vibrio species such as V. cordllilyticus (Weynberg et al., 2015), V.
anguillarum (Castillo et al., 2017), V. harveyi (Munro et al., 2003) and V. parahaemolyticus
(Nasu et al., 2000) suggesting that prophages harbor diverse genetfic elements with a large
dissemination potential among the Vibrio group. To further explore the prophage influence in
Vibrio adaptation, Castillo et al. (2018) characterized prophage-like elements in 1874
available whole genome sequenced Vibrio strains showing that, indeed, prophage-encoded
genes potfentially conferring virulence, niche adaptations and antibiofic resistance, are not

restricted to human pathogens but extensively exchanged among the Vibrio genus.

The acquisition of prophage-associated virulence factors in V. parahaemolyticus named
above, specifically refers to the emergence of the pandemic strain O3:Ké which has been
attributed to a generalized acquisition of virulence factors by HGT. Analysis of pandemic and
pre-pandemic isolates suggested that the founder strain,a nonpathogenic O3:Ké initially
acquired a new virulence regulator thought the toxRS operon and subsequently at least
seven genomic islands (Espejo et al., 2017) and the 80-kb pathogenicity island Vp-PAI (lzutsu
et al., 2008).

SEROCONVERSION BASED ON O-ANTIGEN CLUSTER EXCHANGE
Essential membrane determinants can be affected by horizontal exchange of genes. V.

parahaemolyticus serotype 03:06 underwent rapid changes in the O-anfigen (O) and
capsular antigen (K) after its franscontinental spreading, resulting in more than 20 serovariants
(Chen et al., 2010). This O and K antigen correspond to two types of polysaccharides that
decorate the outer membrane of Gram-negative bacteria. The K or capsular antigen is
composed of high molecular weight polysaccharides that form a loosely attached coat

outside the bacterial cell contributing to the resistance to phagocytosis and to the
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complement system (Chen et al, 2010). In confrast, the O-antigen constitutes the distal
component of the lipopolysaccharide and is composed of up to 50 repeating units of two to
eight sugars (Wildschutte et al., 2010). From the three structural domains of LPS (Lipid A, core-
oligosaccharide and O-antigen) the O-antigen is the most variable, with diverse

monosaccharides composition, linkage and number of these repeating units (Figure 6B).
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Figure 6. LPS structure and the O-antigen structural diversity.

(A) Basic structure of lipopolysaccharide : At the bottom the Lipid A moiety with the di-glucosamine
headgroup indicated by the polygonal structures, the acyl chains represented by zigzag lines, and the
negatively charged phosphate groups indicated by red dots. Inner and outer core consisting of
repeating units and the O-antigen including a bracket with an “n” that indicates the variable number of
repeating units that form the outermost structure of the LPS (modified from Maeshima and Fernandez,
2013. (B) O-antigen profiles, indicating divergence from the general structure show in (A) can be
resolved by migration of LPS extracts in SDS-PAGE gels and visualization by silver staining profiles. The
image shows the diversity of O-antfigen structure associated with different vibrio isolates associated with

different marine organisms (modified from Wildschutte et al, 2010).

The high phenotypic diversity observed in the O-antigen structure is the product of the
hypervariability of the wb* region which was discovered to encode the products responsible
for its synthesis in V.cholerae O1(wbe) and later in the seroconverted O139 strain (wbf) which
emerged in 1992 and caused cholera outbreaks in India and Bangladesh and spread
through Asia replacing the ancestral O1 El Tor strain in the environment (Popovic ef al., 1995).
Comparative genomics between vibrios with different O-antfigen structures showed that

shared genes differ based on mutations, while non-homologous genes are the result of
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horizontal transfer (Wildschutte et al., 2010). The wb* region presents a cassette-like
organization with conserved genes (gmhD and rjg) flanking the variable region
(Sozhamannan et al., 1999). Therefore, fragment acquisition by natural transformation,
followed by homologous recombination has been proposed as a possible mechanism of
lateral transfer of O-anfigen synthesis genes occurring in the aquatic environment, since
through the induction by chitin, it can mediate the seroconversion of V. cholerae O1 through
a serogroup specific gene cluster exchange with the V. cholerae O139 strain (Blokesch and
Schoolnik, 2007). The acquisition of this gene cluster, which encodes for a novel O-antfigen
structure, and the ability to synthesize a capsular polysaccharide, confers resistance to
bacteriolysis by a Ol-specific bacteriophage, suggesting that it simultaneously granted the
ability to the O193 strain to infect individuals already immunized with the O1 strain and an
advantage for its persistence in aquatic habitat that could explain its rapid environmental

dominance afterits emergence (Blokesch and Schoolnik, 2007).

Divergence in O-antfigen structure is not restricted to pathogenic species of human health
interest, like V. cholerae but it has also been characterized in a collection of coastal V.
splendidus isolates collected from diverse microhabitats (Wildschutte et al., 2010). In this work,
genetic diversity of the wbe region correlated with phenotypic variation in the O-anfigen
structure. As the O-antigen structure is at the interphase between the vibrio and its
environment, it is therefore subjected to different types of selective pressures characteristic of
each of the diverse associafions that vibrio establish, ranging from the predation activity of
bacteriophages and profist grazers to the reactivity of the innate defenses of metazoan
hosts. In consequence, the ability to diversify the O-anfigen structure trough HGT may offer
fitness advantages in specific environments with possible tradeoffs due to conflicting
selective pressures targeting O-antigen structure. As an example, Salmonella enterica is able
to epigenetically confrol the length of its O-antigen conferring resistance to bacteriophage

predation at the expense of a fransient reduction in pathogenicity (Cota et al., 2015).

MULTIDRUG RESISTANCE
Mobile genetic elements are also major drivers in the emergence of multidrug resistant strains

(MDR). MDR has been identified in more than 99% of recent V. cholerae isolates from stool
samples (Verma et al., 2019), identfified in environmental non-O1/non-0O139 strains (Lepuschitz
et al., 2019). MDR is also found in Vibrio spp isolated from reared fish (Scarano et al., 2014;
Deng ef al., 2019; Mohamad et al., 2019), and wild and farmed mollusks (Banerjee and
Farber, 2018). MDR can be achieved through the reduction of the intracellular concentration
of the antibiotic, through reduced permeability or active drug efflux, through the alteration or
the protection of the target site, or through the direct inactivation of the antibiotic molecule.

These mechanisms can be acquired through vertical gene fransfer but also disseminated to
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more distantly related species through HGT (Verma et al., 2019). Therefore both, the overuse
and misuse of anfibiotics for freatment of human infections, but also in the confrol of diseases
in agquaculture, represent a driver for the development of antibiotic resistance in the Vibrio
group which is submiftted fo extensive gene exchange in the environments such as the

hatcheries of cultures bivalves (Dubert et al., 2017).

In an ecological context, horizontal gene transfer has been also linked to the socially
cohesive behavior of ecological populations of Vibrio, where antagonism, due the
production of broad-range antibiotics, occur between rather than within populations. The
establishment of a network of antibiotic-mediated antagonistic interaction among
populations of V. ordalii, V. crassostreae and V. tasmaniensis, showed that within the V. ordalii
population collaboration to compete with the other co-occurring populations can occur by
the production of broad-range antibiotics only by a subset of the population while the rest of
the strains are resistant. As the resistance gene is coded in a different region than the
anfimicrobial gene it is suggested that only the antibiotic resistant individuals within the

populations can acquire the antimicrobial coding gene (Cordero et al., 2012b).

Il. COLONIZATION PROCESS IN VIBRIOS, ADAPTABILITY TO THE HOST'S HOSTILE
ENVIRONMENT

The fransition of vibrios from a free-living or particle-associated state to the colonization of a
metazoan capable of non-self-recognition, requires specific adaptations to respond fo the
new environment. In this process, colonization is a necessary step that precedes proliferation
(and eventually infection) of metazoan hosts, which can be aquatic organisms or humans in
the case of vibrios. Aside from the well characterized vibrio-squid mutualistic symbiosis,
colonization has been mainly characterized in the context of pathogenesis. In C. gigas,
studies have mainly focused on factors that determine the virulence potential of strains
associated with mortality outbreaks by means of experimental infections by injection.
Nevertheless, high resolution population sfructure of vibrios has established that certain
populations have the ability to transition between environmental and host associations (Bruto
et al., 2017), although the mechanisms involved in the fransition are mostly unknown.
However, what we know about the colonization process of mutudlistic and pathogenic
vibrios can serve as a guiding framework to future research on the colonization process of the

diverse Vibrio populations that have been recently identified associated with C. gigas.

II.1 RESPONSE TO ENVIRONMENTAL CHANGES
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Sensing environmental changes correspond to a key feature that allows vibrios to respond to
the dynamic coastal waters where they establish a plethora of different interactions. As
examples, responding to environmental and host cues is essential in the transition from an
aquatic of V. cholerae to a human habitat and of V. vulnificus to human serum (Williams et
al., 2014), and the establishment of V. fischeri as a mutualist of the bobtail squid (Visick and
Skoufos, 2001; Hussa et al., 2007).

Transmembrane signaling systems sense these environmental cues and transduce them into
infracellular signals that regulate cellular functions in response to the extracellular stimuli. One-
component signaling systems (Figure 7A) (OCS), two-component systems (TCS) (Figure 7B)
and extracytoplasmic function (ECF) sigma factors (o) (Figure 7C) are the three major types

of fransmembrane signaling systems in bacteria (Jung et al., 2018).
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Figure 7. The three major transmembrane signaling system in bacteria.

(A) One-component systems reunite an extracellular sensor input domain and an infracellular signal
output binding domain in a single molecule. (B) Two-component systems present a membrane-
infegrated histidine kinase (HK) and a response regulator (RR). (C) Extracytoplasmic function (ECF)
sigma factors (o) are released from the anti-sigma factor (anti- o) upon stimulus (modified from Jung et
al, 2018).

In simple TCSs, a signaling event leads to the activation of a receptor kinase activity and the
autophorylation of a specific histidine residue, this phosphoryl group is subsequently
fransferred to a conserved aspartate residue of the cognate response regulator (RR) which
mediates the cellular response, through DNA binding as well as non-DNA binding activities
(Figure 7B) (Hussa et al., 2007). In the facultative mutualist V. fischeri a comprehensive

identification and functional characterization, by gene disruption, of 39 putative RRs,
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identified 12 RRs that are linked to colonization success of the squid’s light organ (Hussa et al.,
2007).

Members of the ToxR family receptors are examples of one-component systems and include
major regulators of virulence such as ToxR/S and TcpP/H in V. cholerae, PsaE in Yersinia
fuberculosis, WmpR in Pseudoalteromonas tunicate and the pH sensor CadC identified in E.
coli and Vibrio species (Brameyer et al., 2019). The periplasmic sensors ToxR/S and TcpP/H
regulate the expression of virulence proteins in V. cholerae through the regulation of the
AraC-like transcriptional activator ToxT which is coded in the Vibrio pathogenicity island-1,
and is induced upon sensing of the intestinal environment (Childers and Klose, 2007) (Figure
8).
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Figure 8. One and two component signaling system.

(A) Signal transduction in one (upper) and two (lower) component systems. (A) One component system
consists of a single protein that possesses an input and output domain but it lacks the His-Asp
phosphotransfer domain (grey boxes). Two component system containing the input domain that
receives the signal and the output domain located in two different proteins that communicate through
the His-Asp phosphotranfer domain (grey bowes) (modified from Schaller et al., 2011) (B) One-
component system ToxR/S and TcpP/H (ToxR regulon) controls the expression of virulence proteins in V.
cholerae. ToxR and TcpP are inner-membrane proteins that binds to the toxT promoter activating its
franscription. In turn ToxT activates the franscription of ctxAB and fcpA-F coding for the cholera toxin

and the toxin-regulated pilus, respectively (taken from Haas et al., 2014)

Two-component signal fransduction systems have been identified in the Vibrio genus sensing
nutrient availability, pH, osmolarity, host factors, and the environment, These systems lead to
modulation of motility, bioluminescence, as well as biofilm production and the onset of viru-

lence. (Hussa et al., 2007). The two-component system VarA/VarS is known to regulate viru-
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lence in V. cholerae and luminescent in V. harveyi but also in the oyster associated patho-
gens V. aestuarianus, and V. tasmaniensis LGP32. In V. aestuarianus a single mutation in the
regulator Vars is sufficient to impact the secretion of the Vam metalloprotease impairing
pathogenicity (Goudenége et al., 2015). In V. tasmaniensis LGP32 the production of two pro-
teases related to strain virulence and toxicity, Vsm and PrtV, is modulated by a complex regu-
latory network that involves VarA/VasS signaling, both dependent and independent of CsrB.
CsrB are conserved multiple-copy noncoding small RNAs that normally are regulated by the

VasA/VasS signaling and mediate changes in gene expression (Nguyen et al., 2018).

I1.2 QUORUM SENSING

Quorum sensing (QS) is a cellular communication mechanism that allows a wide diversity of
bacteria fo switch from individual to coordinated population behaviors through collective
changes in gene expression in response to cell density (Rutherford 2011). Coordination is
achieved through the exiracellular accumulation of signaling molecules, referred to as
autoinducers (Figure 9), which are produced constitutively by the bacterial populations. Their
recognition is mediated by perisplasmic sensors that resemble two component systems with

fransmemibrane histidine kinase and a response regulator domain but with no DNA-binding

domain.
A oo B ™ B/OH HO, CH3 C
/\)/I\/U\ & HO OH
n N HO &Cm C }
H HO
HO
D OH E 0o q F
o o/ NH /

Figure 9. Representative quorum sensing autoinducers.
(A) N-Acyl-L-homoserine lactone (AHL). (B) Autoinducer-2 (Al-2). (C) y-Butyrolactones. (D) A-factor. (E)

p-Coumaryl homoserine lactone (pC-HSL). (F) Indole.

The analysis of QS sensing network in several Vibrio species (V. fischeri, V. harveyi, V. cholerae,
V. anguillarum and V. vulnificus) idenftified a diversity in the type of signal networks and
different regulatory responses that reflects the diversity of environmental roles and kinds of
associations within the Vibrio group (Milton, 2006). Three different species V. fischeri, V. harveyi
and V. cholerae can serve as examples for the role of quorum sensing in Vibrio symbiosis and

pathogenesis towards both, animal and human hosts.

37



The phenomenon of quorum sensing was originally described in V. fischeri and referred to as
“"aufoinduction” due to the capacity of culture media supernatants fo induce
bioluminescence in freshly inoculated V. fischeri of the same strain (Ulrich and Koonin, 2005).
Bioluminescence induction, along with early and late colonization factors such as mofility and
biofilm formation, are critical for the Vibrio-squid symbiosis. Its regulation is achieved in V.
fischeri though three QS systems; LuxI/R, AinS/R and LuxS/Q that form a regulation network
essential for colonization of the light organ. While paradigmatic in the QS systems described

for Gram-negative bacteria, the LuxI/R system is not present in all vibrios (Milton, 2006).

V. harveyi is also capable of luminescence and is considered as a common pathogen of
diverse marine vertebrate and invertebrate organisms such as fishes, crustaceans and
mollusks (Kraxberger-Beatty ef al., 1990; Balebona et al., 1995; Saeed, 1995; Hispano et al.,
1997, Company et al., 1999; Diggles et al., 2000; Alcaide et al., 2001; Tendencia, 2002). Both
luminescence and expression of virulence factors linked to its pathogenicity potential are
sensitive fo cell density-dependent regulations through a three-channel QS netfwork
composed of LuxM/N, LuxS/PQ and CgsA/S each one with its own autoinducer (Figure 10).
Interestingly, in the V. campbelli strain ATCC BAA-1116 (originally classified as V. harveyi),
pathogenic for the larvae of the brine shrimp Artemia franciscana, it has been shown that in
vifro conditions of high cellular density positively regulates bioluminescence production and
synthesis of metalloproteases, siderophores, exopolysaccharides but represses expression of

the type lll secretion system (Detailed in section 1.8 Secretion systems)(Milton, 2006).
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Figure 10. Cell-density dependent regulationof cellular functions in V. campbelli BAA-1116.

QS is regulated by three two-component signaling systems that work in parallel to regulate virulence
and bioluminescence. At low cellular densities, in absence of signaling molecules, LuxN, LuxQ and CgsS
madiate the phosphorylation of the o5 -dependent activator LuxO, which activates the expression of
small regulatory RNAs that contribute to the destabilization of the mRNA encoding LuxR the master
regulator. High cellular densities promote the productions of signaling molecules by the LuxM, LuxS and
CgsA synthases, autoinduciers accumulate in the cytoplasm to be diffused or transported to the
periplasmic region and is believed that they bind to their respective sensors which converts LuxN, LuxQ
and CgsS into phosphatases that, leading to the dephosphorylation and inactivation of LuxO and LuxR

franscription (modified from Milton et al., 2006)

In V. cholerae, QS is at the top of the signaling cascade leading o virulence gene expression.
During the fransition fo a human host downstream gene expression is regulated through four
parallel QS systems (CgsS, LuxPQ, CqgsR and VpsS) that converge at LuxO for gene regulation.
At a high cellular density that characterizes the passing through the upper digestive track,
biofilm production is induced to increase acid resistance. After a substantial bacterial
elimination in the upper gut, V. cholerae arrives to the small intestine and detaches from the
biofilm and colonizing the intestine in a low cellular density that activates the expression of CT
and TCP. Upon successful colonization and increase in population density, QS modulates the
repression of virulence factors and the production of the HA protease that leads to
detachment from the epithelium and exiting from the host into the environment (Milton, 2006;
Watve et al., 2020).
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[1.3 ADHESION MOLECULES AND BIOFILM FORMATION
Planktonic vibrio species are able to explore surfaces thanks to the presence of the

haemagglutinin pili (MSHA), Type IV pili (TFP) and the flagellum. Upon recognition of a suitable
surface, cells attach to it and the loss of flagellum triggers the production of extracellular

matrix substances (Rodrigues et al., 2018).

Physical adhesion of bacteria to host cells is considered as the essential step of colonization
of an encountered organism, specifically for pathogens, a prerequisite for the delivery of
effectors and induction of signaling events facilitate pathogen invasion (Stones and Krachler,
2016). Attachment is achieved through adhesive appendages such as pili and flagella, and
molecules such as chifin-binding proteins and capsular polysaccharides which are

widespread among vibrios (Ceccarelli et al., 2019).

Vibrio tasmaniensis LGP32, which is a facultative intracellular pathogen, uses the OmpU porin
as an adhesin/invasin that binds to the RGD motfif of the major plasma opsonin Cg-EcSOD to
promote phagocytosis and a p-intfegrin mediated invasion of the hemocytes of the oyster C.
gigas, a key event in the expression of its pathogenicity in the oyster (Duperthuy et al., 2011).
The adhesion properties and role in pathogenesis of OmpU were also found in V. cholerae
where OmpU binding to fibronectin was investigated in the context of colonization of mice

and rabbif infestinal epithelium (Sperandio et al., 1995; Nakasone and Iwanaga, 1998).

Exopolysaccharides are polymeric carbohydrates that are present on the surface of many
bacteria, they form an interbacterial matrix that support biofim formation. QS systems
LuxS/LuxPQ and CgsA/CgsS regulate biofilm formation in several vibrio species such as V.
fischeri, V. harveyi, V. anguillarum, V. cholerae, and V. vulnificus (Milton, 2006). They are a
preferential life-style in bacteria as it facilitates nutrient access and confers protection from
predators, shields bacteria from antimicrobials, (Yildiz and Visick, 2009)but also promote gene
exchange by HGT specially when interbacterial competition ocurr and free DNA is liberated

from prey bacterias (Le Roux and Blokesch, 2018).

[1.4 METAL HOMEOSTASIS.
Bacteria have a dichotomic relationship with metals: while metal ions are essential for many

reactions in the bacterial metabolism, at high concentrations they can become toxic (Z. Ma
et al., 2009). As this concenfration-dependent toxicity of metals is used as a defense
mechanism by the innate defenses of metazoans which have the ability to sequester iron in
response to infections, bacteria have evolved mechanism to cope with metal concentration

variations and maintain homeostasis mainly by transport of metals from in and out of the cell.
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In a metal deprivation state, bacteria increase metal intake, mobilize stored metals and
switch fo metabolic pathway that are independent of the limiting metal. To face metal
excess, bacteria respond by the activation of efflux-systems for detoxification (Takemura et
al., 2014).

Zinc, iron and manganese are considered among the three most important transition metals
for bacterial metabolisms and therefore extensive literature is available devoted to
characterize sensing and response to changes in ion metal status in model organisms such as
Bacillus subtilis. Among mutualistic and pathogenic vibrio, copper and iron homeostasis
appears as tightly associated with their colonization capacity (Brooks et al., 2014; Vanhove et
al., 2016; Kramer et al., 2020)

COPPER HOMEOSTASIS AND COLONIZATION SUCCESS
In the oyster facultative infracellular pathogen, V. tasmaniensis LGP32, invasion of the

hemocytes, the oyster immune cells, depends on copper homeostasis through the P-type
ATPase A, CopA, and to a lower extent the CusABC efflux machinery. CopA is essential for

LGP32 intracellular survival and virulence expression (Vanhove et al., 2016).

Similarly, in V. fischeri, the global discovery of determinants of symbiosis through a tfransposon
insertion strategy, allowed to identify two genes related to copper efflux systems (cusC and
copA) as implicated in the colonization success of V. fischeri. Interestingly, oxygen arrives to
the crypts of the light organ carried by hemocyanin, a metalloprotein that coordinates
copper ions to reversibly bind fo oxygen. If this copper coordination is conserved in E.
scolopes, as predicted (Brooks et al., 2014), it could explain the copper presence in the crypts
and therefore the relevance of copper detoxification in the persistence of V. fischeri in the

light organ.

[RON ACQUISITION
Iron plays an essential role in bacterial metabolism as a cofactor in the catalysis of redox

reactions that are part of vital processes like respiration, DNA synthesis and detoxification of
reactive oxygen species. Despite its abundance, many natural environmen