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Introduction

Introduction

L'aquaculture est le secteur de production alimentaire a la croissance la plus rapide au monde,
avec une production de 53,4 millions de tonnes de poissons, 17,5 millions de tonnes de
mollusques et 9,4 millions de tonnes de crustacés pour 1'année 2018 (Food and Agriculture
Organization of the United Nations 2020). Les invertébrés marins constituent donc des groupes
d'especes majeurs apportant une contribution fondamentale a la source alimentaire de protéines
animales et soutenant d'importantes industries aquacoles dans le monde. Compte tenu de
I'importance socio-économique de ces especes, un grand intérét a été consacré a 1'étude des
maladies infectieuses qui affectent de maniere récurrente ces productions, représentant une
limitation principale pour I'expansion de 1'aquaculture (Stentiford et al. 2012 ; Burge et al. 2014
; Pernet et al. 2016). Des données de mortalités massives récurrentes se sont accumulées,
démontrant le role dévastateur des maladies infectieuses sur les populations sauvages et
cultivées. On retrouve parmi ces maladies infectieuses le « White Spot Syndrome Virus »
(WSSV), pouvant induire jusqu’a 100 % de mortalité¢ dans les élevages de crevettes (Sanchez-
Paz 2010), le « withering syndrome » (WS) capable d'induire 99 % de mortalité chez I'ormeau
Haliotis cracherodii aux Etats-Unis (Crosson and Friedman 2018) ou encore les infections a
Vibrio sp. affectant de nombreuses especes marines et notamment les huitres (Travers et al.

2015 ; Destoumieux-Garzén et al. 2020).

I. L'ostréiculture en France.

En France, l'espece endémique Ostrea edulis, aussi appelée huitre plate, a atteint un pic de
production en 1961 avec une production estimée a 29 400 tonnes, mais une succession
d'épizooties entre 1977 et 1980, provoquées par les parasites Marteilia refringens (protozoaire
extracellulaire parasite de 1’appareil digestif (Grizel 1974; Le Roux et al. 2001)) et Bonamia
ostreae (protozoaire parasite intracellulaire des hémocytes) (Pichot et al. 1981; Cochennec et
al. 2000), ont conduit a une baisse de 90 % de sa production. En parallele, I'huitre portugaise
Crassostrea angulata a vu sa production s'effondrer en 1970 a la suite d'une épizootie
provoquée par un Irido-like virus. Ces épizooties ont conduit les ostréiculteurs francais a

introduire une nouvelle espece, I'huitre Crassostrea gigas (Figure 1).
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Figure 1 : Production ostréicole en France de 1950 a 2020. Bleu : huitre plate Ostrea edulis ; Jaune :
huitre portugaise Crassostrea angulata ; Maron : huitre du Pacifique Crassostrea gigas.
Les noms en rouge correspondent aux principaux agents pathogeénes des huitres. D’aprés
FishStat] (www.fao.org/fishery/statistics/software/fishstatj/fr) et (Azéma et al. 2015).

L'huitre C. gigas, aussi appelée huitre du Pacifique ou huitre creuse, a été importée du Japon et
de Colombie-Britannique en France entre 1971 et 1975 (Grize and Héra 1991). Depuis, la
France est devenue le premier producteur d'huitres creuses en Europe, avec une production
estimée a 81 000 tonnes en 2020 (Service de la Statistique et de la Prospective 2022). Les
principales zones de production francaises sont le bassin Charentais (44,12 %), la région
Bretagne (24,35 %), la région Normandie (12,05 %), la région Occitanie (6,12 %), la région
Pays de la Loire (7,86 %) et le bassin d'Arcachon (5,49 %) (Figure 2) (Service de la Statistique
et de la Prospective 2022). Néanmoins, cette huitre est a son tour touchée par des épizooties
provoquant d'importants épisodes de mortalité et menacant de nouveau la filiere ostréicole

(Figure 1).


http://www.fao.org/fishery/statistics/software/fishstatj/fr
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Figure 2 : Répartition et production ostréicole (en bleu) et mytilicole (en rose) en France (hors
écloseries). Issue de (Service de la Statistique et de la Prospective 2022).

II. L'huitre du Pacifique Crassostrea gigas.

1. Classification taxonomique
L'huitre du Pacifique Crassostrea gigas est un mollusque bivalve de la famille des Ostreidae.
Longtemps affiliée au genre Crassostrea, cette espece a vu récemment sa classification évoluer.
A la suite d'une étude phylogénétique basée sur un alignement de séquences de I’ITS2 (Internal
Transcribed Spacer 2) des genes de I’ARN ribosomiques (Salvi and Mariottini 2017), 1'huitre
du Pacifique a été reclassifiée dans le genre Magallana et est devenue Magallana gigas (Salvi
and Mariottini 2017). Néanmoins, cette nouvelle classification phylogénique est controversée
(Bayne er al. 2017), et les scientifiques ainsi que les professionnels du milieu continuent
d'employer majoritairement la classification Crassostrea gigas. C'est pourquoi, le nom d'espece

Crassostrea gigas sera utilisé dans la suite de ce manuscrit.
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2. Cycle de vie
L'huitre du Pacifique est une espece hermaphrodite successive a tendance protandre. La
majorité des individus commence leur vie en tant que males et peuvent changer de sexe a chaque
saison ou apres 1'émission des gametes. La gamétogenese est induite par une augmentation de
la température de 1’eau couplée a un fort apport en nutriments et a une photopériode adéquate
(Fabioux et al. 2005). Les gametes sont ensuite relargués dans la colonne d'eau ol se produit la
fécondation. Les premieres phases de la vie de 1'huitre sont planctoniques. Environ 12 heures
post-fécondation (hpf), les ceufs vont se transformer en larves trochophores, puis a environ 24
hpf, une larve D va se former. Entre le 2°™ et le 14°™ jour de développement, les larves D vont
se transformer en larves véligéres. Enfin, entre les 15°™ et 25°™ jours, un pied va apparaitre
chez les larves qui seront alors des larves pédivéligeres. Les larves pédivéligeres vont ainsi se
servir de leur pied afin de trouver un endroit ou se fixer. Une fois fixée sur un substrat, la larve
entame sa forme de vie sessile et I'huitre sera alors appelée naissain. Les huitres sont ensuite
considérées comme adultes apres leur premiere reproduction, soit un a deux ans apres la

fécondation (Figure 3).
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Figure 3 : Cycle de vie de I’huitre du Pacifique Crassostrea gigas. hpf : heures post-fécondation ; jpf :
jours post-fécondation ; mpf : mois post-fécondation. Modifi¢ d’aprés (Vogeler et al. 2016).
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3. Anatomie et physiologie de I’huitre
L’huitre est un mollusque bivalve. Son corps mou est protégé par une coquille bivalve
asymétrique composée d’une valve plate et d’une valve creuse. Cette coquille est constituée de
carbonate de calcium, et son ouverture et fermeture sont contrélées par un muscle adducteur
(Figure 4). L’huitre est un animal filtreur. La nutrition est assurée en méme temps que la
respiration grace au flux d’eau qui passe sur les branchies. Les branchies lamellaires vont filtrer
les particules en suspension dans I’eau (~5-10 um) qui seront par la suite acheminées vers les
palpes labiaux grace aux courants d’eau créés par les branchies et entreront dans le systéme
digestif (Figure 4). La circulation de I’hémolymphe dans I’huitre est assurée par un cceur
constitué¢ de deux oreillettes et un ventricule. Le systéme circulatoire de 1’huitre étant semi-
ouvert, I’hémolymphe est propulsée par le cceur dans les tissus mais n’est pas reconduite au
cceur par un systeme veineux. L’hémolymphe de I’huitre n’est donc pas un environnement

stérile et contient un mélange de plasma, d’hémocytes et de microorganismes.
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Figure 4 : Schéma de I’anatomie de I’huitre du Pacifique issue de (Gay 2004).

4. Le microbiote de Crassostrea gigas
Le microbiote correspond a I’ensemble des microorganismes (bactéries, archées, virus, protistes
et champignons) associés a un environnement, un organisme, ou méme un organe donné. Il est
composé de microorganismes commensaux, bénéfiques, ou pathogenes opportunistes. Cet

ensemble de microorganismes joue un rdle important pour 1’homéostasie, la survie, et le
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développement des organismes (McFall-Ngai et al. 2013; Laukens et al. 2015). Néanmoins, un
déséquilibre de la balance entre les microorganismes commensaux ou bénéfiques et les
microorganismes pathogénes opportunistes peut entrainer une dégradation de la santé de I’hote.

Cette rupture de 1’équilibre du microbiote est appelée la dysbiose.

Les nombreuses études portant sur les interactions entre un hote et son microbiote ont fait naitre
les concepts de I'holobionte et de 1'hologénome. Le concept de I'holobionte consiste a considérer
les organismes non plus comme des individus isolés mais comme une communauté complexe
de plusieurs especes. Dans un premier temps, seules les interactions obligatoires et mutualistes
entre un hote et ses symbiontes étaient prises en compte (Rohwer et al. 2002), mais avec les
avancées faites dans le domaine du séquencage du microbiote, le concept de 1'holobionte s'est
généralisé a 1'hdte ainsi qu'a tous les microorganismes (bactéries, archées, virus et levures) qui
lui sont associés (Bordenstein and Theis 2015). De ce concept, est née la théorie de
I'hologénome comme théorie de 1'évolution. Cette théorie considere que I'holobionte ainsi que
I'hologénome (composé de toutes les unités génomiques qui composent I'holobionte) sont une
seule unité évolutive. Ainsi, cette théorie suggere que I'hote et ses symbiontes n'interagissent
pas uniquement pour l'acces a la nourriture ou une niche écologique, mais qu'ils ont co-évolué
ensemble en influant I'un sur l'autre sur leur composition génétique (Zilber-Rosenberg and
Rosenberg 2008; Theis et al. 2016) (Figure 5). Ces théories ont permis de réévaluer les

interactions entre un hdte et son microbiote.
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Figure 5 : Théorie de 1'holobionte et de I'hologénome d'apres Theis (modifié de Theis ef al. 2016).
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Les études portant sur les interactions hdte-microbiote chez des invertébrés marins ont permis
de démontrer le rdle majeur que joue le microbiote pour la santé de son hdte, mais aussi pour
sa croissance ou encore la qualité de sa coquille (Infante-Villamil ef al. 2021; Rajeev et al.

2021; Paillard et al. 2022).

Les huitres étant des animaux filtreurs, leur microbiote va €tre en partie composé des bactéries
issues de leur environnement (Wright et al. 2018). Ce microbiote varie donc en fonction de
différents parametres tels que la localisation géographique (King et al. 2020) et de la
température de 1'eau (Shen ez al. 2009). Malgré cette étroite relation avec les bactéries provenant
de I'eau de mer, I'huitre possede un microbiote qui lui est propre (Yeh et al. 2020; Dupont et al.
2020) et qui varie en fonction du type de tissu (King et al. 2020; Yeh et al. 2020) mais aussi au
cours du temps en suivant les différents stades de vie de I'huitre (Yeh et al. 2020; Unzueta-
Martinez et al. 2022). Récemment, Unzueta-Martinez et al. (2022) ont démontré qu'une fraction

du microbiote était également transmise par les parents.

Des études comparatives portant sur le microbiote d'huitres résistantes ou sensibles a la maladie
du POMS ont permis de mettre en évidence que la composition du microbiote jouait un role
dans la résistance ou la sensibilité a la maladie (King et al. 2019; Clerissi et al. 2020; Fallet et
al. 2022). Des bactéries appartenant a la famille des Sphingomonadaceae, des Halomonadaceae,
ou aux genres Cobetia et Neptunomonas (Fallet et al. 2022) pour les stades larvaires ou a la
famille des Colwelliaceae, des Cyanobacteria (Subsection III, family I) des Rhodobacteraceae
(Clerissi et al. 2020), des Bradyrhizobiaceae au genre Winogradskyella (King et al. 2019) pour
les huitres juvéniles ont été identifiées comme étant préférentiellement associées aux huitres

résistantes a la maladie du POMS.

Bien que certains microorganismes jouent un role bénéfique pour la santé de C. gigas et sa
résistance face a certains pathogenes, d'autres microorganismes sont identifiés comme étant

pathogenes ou opportunistes pour l'huitre C. gigas.

5. Les agents pathogenes affectant 'huitre C. gigas.
L’huitre du Pacifique est une espece robuste, capable de supporter des écarts importants de
température et de salinité. Néanmoins, son mode de vie sessile et les fortes densités de
population dans les zones ostréicoles la rendent sensible a de nombreuses maladies provoquées

par des virus, des bactéries, mais aussi des parasites.
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Parmi les agents pathogenes, on trouve des parasites protozoaires tels que Haplosporidium
costale (Arzul and Carnegie 2015; Arzul et al. 2022), des virus tels que les Ostreid Herpes
Virus, ainsi que des bactéries appartenant aux genres Nocardia, Roseovarius, ou encore Vibrio
(Travers et al. 2015). Ce dernier genre comprend de nombreuses especes pathogenes qui
affectent préférentiellement les huitres aux stades larvaires (V. coralliilyticus, V. tubiashii et V.
splendidus), juvéniles (V. crassostreae, V. harveyi et V. tasmaniensis), ou adultes (V.

aestuarianus) (Faury et al. 2004; Travers et al. 2015; Destoumieux-Garzon et al. 2020).

Au cours de ce travail de these, deux agents pathogenes seront principalement étudiés : I'Ostreid
Herpes Virus 1 pVar (OsHV-1 pVar), responsable du Pacific Oysters Mortality Syndrome
(POMYS) affectant principalement les huitres juvéniles, et Vibrio aestuarianus, responsable de

mortalités chez les huitres adultes.

a. Les Ostreid Herpes Virus.
La présence d'un virus de type herpes a été associée a des épisodes de mortalité importante chez
I'huitre C. gigas des 1992 (Hine et al. 1992). Ces mortalités ont touché aussi bien les stades
larvaires (Hine et al. 1992; Renault et al. 1994, 2000) que les stades juvéniles (Renault et al.
1994). En France, des épisodes de mortalités massives (80-90 %) ont été rapportés pour la
premiere fois en 1993 (Renault ef al. 1994). Grace a une identification moléculaire et a la
purification de la capside, une nouvelle espece virale infectant les larves et les juvéniles

d'huitres a pu €tre définie et nommée ostreid herpes virus 1 (OsHV-1) (Le Deuff and Renault

1999; Davison et al. 2005).

Depuis 2008, des épisodes de mortalités massives ont été€ associés a un nouveau variant de
I'OsHV-1, décrit pour la premiere fois en 2010 et appelé OsHV-1 uVar (Segarra et al. 2010).
A la suite de cette nouvelle identification, cette infection a été signalée initialement en France
(Segarra et al. 2010) en 2008, puis en Irlande en 2009 (Peeler et al. 2012). La présence de ce
variant a également été détectée aux USA (Friedman et al. 2005), en Australie (Paul-Pont et al.
2013), et au Japon (Shimahara et al. 2012). La maladie provoquée par cet agent infectieux a été
appelée « Pacific Oyster Mortality Syndrome » (POMS). En Europe, cette maladie se produit
lorsque la température de 1'eau est comprise entre 16 et 24 °C (Pernet et al. 2012). De plus, les
huitres exposées a d’importantes concentrations de nourriture ou sélectionnées pour une

croissance rapide s'averent €tre plus susceptibles a la maladie du POMS (Pernet et al. 2019).
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Plus récemment, des études s'intéressant aux mécanismes de cette maladie ont permis de
déterminer que cette maladie est une maladie polymicrobienne dont deux étapes majeures, une
infection primaire par le virus suivie d'une infection secondaire par des bactéries, ont été
décrites. En détail, la premiere étape consiste en l'infection de I'huitre par OsHV-1 pVar. Une
réplication importante du virus est nécessaire au développement de la maladie. Le virus va alors
cibler les hémocytes de 1'huitre et ainsi altérer leur physiologie, provoquant une baisse de la
réponse immunitaire antibactérienne. Cette immunodéficience va provoquer une dysbiose du
microbiote de I'huitre et permettre a des bactéries opportunistes de proliférer, provoquant une
bactériémie et une lyse des hémocytes qui aura pour conséquence la mort de I'huitre (Figure 6)

(de Lorgeril et al. 2018a; Petton et al. 2021).
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Figure 6 : Schéma reprenant les étapes clés de la maladie du POMS causée par OsHV-1 pVar. A la suite
d'une exposition de 1'huitre a OsHV-1uVar, le virus va infecter les hémocytes et altérer leur
physiologie. Cela va conduire a une baisse de l'immunité de I'huitre et permettre, dans un
second temps, a des bactéries opportunistes de proliférer, ce qui provoquera une bactériémie
entrafnant la mort de I'huitre. Modifié¢ d’apres (Petton et al. 2021).
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Bien que l'implication du microbiote dans la maladie du POMS ait été¢ démontrée, son role ainsi
que les principales bactéries impliquées restent encore peu connus. Toutefois, de récentes
études ont permis d'identifier que des bactéries du genre Arcobacter, Marinomonas,
Mycoplasma, Psychrobium, Psychromonas, Roseovarius, Streptococcus et Vibrio étaient
fortement surreprésentées lors des étapes de la dysbiose et de la bactériémie (de Lorgeril et al.
2018a ; King et al. 2019 ; Delisle et al. 2022). Néanmoins, ces études sont limitées du fait de
l'utilisation de données de séquencage de I'ADNr 16S qui limite les informations obtenues au
niveau du genre et non pas de I'espece, ou encore du fait que le choix de la méthode d'extraction
ou des régions de I'ADNTr 16S ciblées induit un biais dans la quantification des bactéries par ces
méthodes (Kumar et al. 2011 ; Abellan-Schneyder er al. 2021). De ce fait, il sera donc
nécessaire de réaliser de nouvelles études afin de déterminer le role plus précis des bactéries

dans la maladie du POMS.

b. Vibrio aestuarianus.
Les bactéries du genre Vibrio sont des bactéries hétérotrophes retrouvées dans le milieu marin.
Ces bactéries sont Gram négatives et appartiennent a la classe des Gammaproteobacteria et a la
famille des Vibrioanaceae. Bien que toutes les bactéries du genre Vibrio ne soient pas des
pathogenes, elles sont néanmoins fréquemment associées a différentes maladies touchant le

domaine aquacole, notamment chez les huitres.

V. aestuarianus a été isolé initialement a partir d'eau de mer et de coquillages en 1983 aux Etats-
Unis (Tion and Seidler 1983). Depuis sa découverte, trois sous-especes ont été décrites : V.
aestuarianus subsp. aestuarianus, V. aestuarianus subsp. francensis (Garnier et al. 2008) et V.
aestuarianus subsp. cardii (Garcia et al. 2021). V. aestuarianus infecte et induit des mortalités
chez les huitres adultes (Azéma et al. 2017 ; Dégremont et al. 2021). V. aestuarianus subsp.
francensis est responsable de mortalités récurrentes chez les huitres en France depuis 2001
(Garnier et al. 2008). 11 a par la suite été détecté dans d'autres pays européens tels que I'Italie,
I'Irlande et I'Espagne (Mesnil et al. 2022) (Figure 7). Depuis 2012, une augmentation de la

fréquence de ces épisodes de mortalité a été observée en France (Goudenege et al. 2015).
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Figure 7 : Nombre de pays ayant rapporté la détection de V. aestuarianus a 1'aide d'un questionnaire
envoyé aux laboratoires nationaux de référence (LNR) européens. *Le rapport de cas du
Danemark correspond a un cas suspect sans isolement bactérien. Modifié d'apres (Mesnil et
al. 2022).

Peu de choses sont connues quant aux mécanismes d'infection de V. aestuarianus chez I'huitre.
I1 a été montré que la souche V. aestuarianus subsp. francensis 01/032 produisait des composés
extracellulaires contenant un facteur de virulence, la métalloprotéase Vam (Labreuche et al.
2010). Il a également été démontré in vitro que ces composés extracellulaires avaient la capacité
d'induire une immunosuppression des hémocytes de 1'huitre (altération de la phagocytose, de
I'adhésion et de la production d'especes réactives de l'oxygene (ROS) par les hémocytes de
I'huitre) (Labreuche er al. 2006, 2010). Cette immunosuppression favoriserait alors la

colonisation de l'huitre par V. aestuarianus (Figure 8). Cependant, les propriétés de cette

11
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souche n'ont pu étre généralisées a I'ensemble de la collection de V. aestuarianus francensis, et
les mécanismes moléculaires de l'interaction entre V. aestuarianus francensis et les hémocytes

d'huitre restent incompris.
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Figure 8 : Schéma du mécanisme de virulence de Vibrio aestuarianus subsp. francensis 01/032. V.
aestuarianus secretes des composés extracellulaires qui vont venir inhiber la phagocytose,
I'adhésion et la production de ROS des hémocytes de l'huitre et permettre ainsi une
prolifération bactérienne. Modifié d'apres (Destoumieux-Garzoén et al. 2020)

La contamination des huitres par immersion dans l'eau de mer contaminée par une culture de
Vibrio est plutdt inefficace (Le Roux et al. 2016). Cependant, il a ét€ démontré récemment que
le passage de V. aestuarianus dans une huitre, notamment aprés une injection, permet
I'excrétion par 1'huitre de bactéries hypervirulentes capables d'infecter les huitres par voie

naturelle (Parizadeh er al. 2018).

6. La réponse immunitaire chez C. gigas.

a. Le systeme immunitaire inné.
Comme tous les invertébrés, I'huitre possede un systeme immunitaire inné permettant, par le
biais des hémocytes, de divers récepteurs et cascades de transduction du signal, mais aussi par
l'intermédiaire de différentes molécules, de se défendre contre les agressions extérieures (Wang
et al. 2018). Bien que I'huitre ne possede pas de systeme immunitaire dit adaptatif, il a pu €étre
démontré récemment qu'une mémoire immunitaire existe chez les invertébrés, notamment chez
I'huitre. A ce jour, trois mécanismes de régulation de l'expression génétique expliquant
l'acquisition d'une mémoire immunitaire ont été décrits (Figure 9) (Coustau ef al. 2016 ; Melillo

et al. 2018 ; Prigot-Maurice et al. 2022).
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Figure 9 : Représentation schématique des différents types de mémoire immunitaire innée chez
différents invertébrés. A) La réponse immunitaire rappelée implique une réponse
immunitaire en deux temps qui implique les mémes effecteurs immunitaires, avec un retour
aux niveaux basaux entre la premicre et la deuxieéme infection. B) Le changement
immunitaire est un passage d'effecteurs immunitaires lors de la premiere infection a d'autres
effecteurs immunitaires lors de la deuxieme infection. C) La réponse immunitaire
maintenue est une réponse immunitaire durable, qui perdure jusqu'a la seconde infection
avec le méme effecteur immunitaire. Les infections sont illustrées par les fleches en gras.
Modifié d'apres Prigot-Maurice et al. 2022.

Chez I'huitre, le mécanisme appelé "sustained immune response"” ou réponse immunitaire
maintenue (Figure 9C), correspondant a une réponse transcriptionnelle qui perdure tout au long
de la vie de 1'animal a la suite d'une stimulation primaire, a pu étre observé récemment (Lafont
et al. 2020). L'utilisation de poly(I:C), un analogue synthétique viral, a induit une protection de
I'huitre contre l'infection a OsHV-1 puVar pendant plusieurs mois apres son injection dans

I'huitre (Green et al. 2016 ; Lafont et al. 2017).
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b. Les hémocytes.

Les hémocytes jouent un rdle majeur dans la réponse immunitaire de 1'huitre. Ce sont des
cellules immunocompétentes circulant dans I'hémolymphe, mais également capables d'infiltrer
les cavités, les tissus et I'épithélium des huitres (Bachere ef al. 2015). Lors d'une infection ou
d'une 1ésion, les hémocytes vont s'agréger au niveau du site concerné et transporter les éléments
essentiels a la réparation ou a la lutte contre l'infection (Figure 10). Ils sont capables de
reconnaitre des éléments étrangers a 1'organisme par l'intermédiaire de récepteurs capables de
reconnaitre les motifs moléculaires associés aux pathogenes (Pathogen Associated Molecular
Patterns ou PAMPs) ou d'opsonines leur permettant par la suite de déclencher la phagocytose
et la sécrétion de composés antibactériens (especes réactives de l'oxygene, peptides
antimicrobiens ou enzymes hydrolytiques) (Bachere et al. 2015) (Figure 10). La phagocytose
joue un role important dans I'élimination des agents pathogenes. Lors de la phagocytose, I'agent
étranger (bactérie, virus ou parasite protozoaire) va étre endocyté dans une vacuole
cytoplasmique de I'hémocyte appelée phagosome. Ce phagosome va ensuite fusionner avec des
vésicules lysosomales et devenir ainsi un phagolysosome. L'acidification couplée a la présence
d'hydrolases, de protéases, de peptides antibactériens ainsi que d'especes réactives de I'oxygene

et de 1'azote va provoquer la dégradation du corps étranger (Bachere et al. 2015).
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Figure 10 : Implications des hémocytes lors de la réponse immunitaire chez les invertébrés. Apres la
reconnaissance des motifs moléculaires associés aux pathogeénes (PAMPs) ou d’autres
molécules par les récepteurs de reconnaissance de motifs moléculaires (PRR), les hémocytes
circulant dans 1’hémolymphe vont neutraliser les éléments étrangers par phagocytose ou
encapsulation/mélanisation. En parallele, d'autres cellules immunitaires vont libérer des
composés toxiques pour les pathogénes (peptides antimicrobiens, agglutinines, ...) ou
participer a leur élimination (Composants du Complément, Phénol oxydase, Opsonine, ...).
Modifié d’apres (Melillo et al. 2018).

c. Molécules de reconnaissance du non-soi
Pour induire une réponse efficace, le systtme immunitaire de I'huitre doit étre en mesure de
différencier les molécules qui font partie de l'individu des molécules appartenant a des
organismes externes (non-soi). Pour cela, les huitres disposent de protéines leur permettant de
reconnaitre les agents externes (non-soi). Ces protéines sont des récepteurs de reconnaissance
de motifs moléculaires (Pattern Recognition Receptor ou PRR) qui sont capables de reconnaitre
les structures conservées au cours de 1'évolution des agents pathogeénes (PAMPs) et ainsi

déclencher les mécanismes de défense (Guo et al. 2015).

Les PRR sont classés en trois types suivant leurs fonctions. Les premiers sont des récepteurs

présents a la surface des cellules jouant un rdle dans la reconnaissance et l'internalisation des

15



Introduction

PAMPs. Les seconds sont des récepteurs de signalisation qui vont étre responsables de la
reconnaissance et de l'activation de voies de signalisation intracellulaire. Enfin, les troisiemes
sont des molécules solubles qui assurent la liaison entre les PAMPs et les cellules (Jeannin et
al. 2008 ; Liu et al. 2011 ; Wang et al. 2018). Parmi ces PRR, on retrouve notamment les Toll-

like receptors (TLRs), les lectines ou encore le composant du complément 1q (C1q).

Les Toll-like receptors sont conservés au cours de 1'évolution depuis les cnidaires jusqu'aux
mammiferes et jouent un role essentiel dans la défense de I'hdte. A ce jour, au moins sept TLRs
participant a la réponse immunitaire ont été identifiés chez I'huitre (Wang et al. 2018 ; de
Lorgeril et al. 2020). Une surexpression du Toll-like receptor 13 a été retrouvée chez des huitres
résistantes a la maladie du POMS, suggérant que ce récepteur est capable de détecter ' ARN
viral et bactérien et ainsi participer dans la voie de signalisation TLR/NF-KB (de Lorgeril et al.

2020).

Les lectines sont des protéines qui se lient aux glucides avec une grande affinité (Liener et al.
2012). 1l existe sept types de lectines tels que les C-type, P-Type, F-type ou galectines (Wang
et al. 2018). Les lectines de type C forment une grande famille de protéines pouvant se lier aux
glucides de fagcon calcium-dépendante (Robinson er al. 2006). Les lectines de type C sont
abondantes chez les huitres et retrouvées dans plusieurs types de tissus. Au total, 266 lectines
de type C sont annotées dans le génome de C. gigas et sept ont pu étre caractérisées (Wang et
al. 2018). Une surexpression des lectines de type C a été observée chez C. gigas en réponse a
une infection par OsHV-1 uVar (He ef al. 2015). 11 a également ét€ montré que les lectines de
type C pouvaient étre associées aux galectines dans la reconnaissance des bactéries Gram-

positives mais également pour renforcer l'activité de phagocytose (Li et al. 2015).

Le composant du complément 1q (C1q) est une protéine impliquée dans 1'activation de la voie
classique du complément. Chez les vertébrés, la voie classique est activée lorsque la protéine
Clq se lie a des anticorps fixés a la surface de I'agent pathogene. En tant que PRR, la protéine
Clq peut engager une large gamme de ligands via son domaine globulaire (gC1q) et moduler
les cellules immunitaires (Bohlson et al. 2007). Un total de 321 geénes codant pour des protéines

contenant un domaine C1q ont pu €tre retrouvés dans le génome de I'huitre (Gerdol et al. 2015).
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III. Les bactéries comme moyens de lutte contre les

maladies infectieuses affectant 1'huitre C. gigas

Les huitres étant élevées en milieu ouvert, l'utilisation de méthodes telles que I'utilisation
d'antibiotiques n'est possible que lors des étapes d'élevage larvaire qui ont lieu en milieu fermé
dans les écloseries. De plus, 1'utilisation d'antibiotiques a montré ses limites avec l'apparition
de bactéries résistantes aux antibiotiques et pouvant étre pathogenes pour les huitres, mais aussi

pour les humains (Cabello 2006 ; Hossain et al. 2022).

Une des alternatives a l'utilisation d'antibiotiques est le développement de probiotiques. Un
probiotique est, d'apres la définition de 1'Organisation des Nations Unies pour I'alimentation et
I'agriculture, "un ou des microorganismes vivants qui, lorsqu'ils sont consommés en quantités
adéquates, conferent un effet bénéfique pour la santé de I'hote" (Food and Agriculture
Organisation of the United Nations 2006). Les probiotiques ont des modes d'action variés qui
ont fait I'objet de nombreuses études. Les effets contre des pathogenes peuvent résulter d'actions
directes, telles que la compétition avec les pathogenes via des activités antibactériennes (Lim
et al. 2011 ; Touraki et al. 2012 ; Offret et al. 2018) ou des activit€és de quorum quenching
(Ghanei-Motlagh et al. 2021), ou par des actions indirectes, telles que la stimulation du systeme
immunitaire de leur hote (Tseng et al. 2009 ; Guzman-Villanueva et al. 2014 ; Hao et al. 2014
; Yan et al. 2014). Les probiotiques peuvent également étre utilisés afin d'améliorer
l'assimilation des nutriments ou la croissance de 1'hote (Aguilar-Macias et al. 2010 ; Hao et al.
2014 ; Yan et al. 2014 ; Wang et al. 2019). Enfin, certains probiotiques vont étre utilisés afin

de contrdler la qualité chimique et/ou microbiologique de 1'eau d'élevage (Ma et al. 2009).

1. Modes d'actions directs : Activités antibactériennes et Quorum

Quenching
Afin de lutter contre les pathogenes, de nombreuses études se sont penchées sur I'utilisation des
activités antibactériennes de certaines bactéries. En effet, certaines bactéries ont la capacité de
synthétiser des composés capables de provoquer la mort d'autres bactéries (effets bactéricides)
ou d'empécher leur multiplication (effets bactériostatiques). Certaines de ces bactéries ont déja
été testées pour leurs effets protecteurs contre des pathogenes en aquaculture. Parmi elles, nous
pouvons citer les souches Pseudoalteromonas sp. hCg-51 et Pseudoalteromonas sp. hCg-6,

isolées de I'hémolymphe de I'huitre, qui présentent des effets antibactériens a 1'encontre de
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différents pathogenes marins tels que V. splendidus, V. tapetis, V. harveyi ORM4 ou encore
Aeromonas salmonicida (Desriac et al. 2014 ; Offret et al. 2018) et qui, pour la souche
Pseudoalteromonas sp. hCg-6, ont conféré un effet protecteur chez 1'ormeau européen Haliotis
tuberculata lors d'une infection a V. harveyi ORM4 (Offret et al. 2018). Un autre exemple
d'utilisation de bactéries a activité antibactérienne est la bactérie Bacillus subtilis NCIMB 3610,
qui présente des activités antibactériennes contre la bactérie V. anguillarum et qui a permis, lors
d'essais in vitro, d'augmenter significativement la survie de larves de bar européen

Dicentrarchus labrax lors d'une infection a V. anguillarum (Touraki et al. 2012).

Une autre possibilité consiste a exploiter les activités de quorum quenching des bactéries. En
effet, certaines bactéries possedent un mode de communication chimique inter- et intra-espece
: le quorum sensing (Kuramitsu et al. 2007 ; Li and Tian 2012). Ce phénomene est impliqué
dans la formation des biofilms, I'émission de bioluminescence (Miller and Bassler 2001 ; Li
and Tian 2012), mais aussi dans des mécanismes de virulence (Kiymaci et al. 2018 ; Zhao et
al. 2019). Le quorum sensing est basé sur la sécrétion et la perception de molécules auto-
inductrices dont la plus étudiée est la N-Acyl Homosérine Lactone (AHL) (Figure 11) (Huang
et al. 2016).

‘ Faible densité cellulaire ‘ Forte densité cellulaire ‘

J & ° o) = [Z::D [ i

7 ’ @ ® ® Formation de biofilms,
J Facteurs de virulence, Luxl

[ - . ect
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Q Y le quorum sensing
- e — + I—
Pas de transcription du géne cible i nacdilio e i

Figure 11 : Représentation schématique du systeéme de régulation Lux I/Lux R dépendant des N-Acyl
Homosérine Lactone (AHL). La protéine Lux I va synthétiser des AHL qui seront sécrétés
dans le milieu jusqu’a ce qu'en présence d'une forte densité cellulaire, la quantité d'AHL dans
le milieu devienne suffisante pour que des molécules pénétrent dans les bactéries. Une fois
dans la bactérie, la protéine Lux R va fixer ces AHL et va se lier au promoteur, induisant la
transcription de divers génes pouvant étre impliqués dans la formation de biofilms ou encore
de facteurs de virulence. Adapté de (Huang et al. 2016)
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Le quorum quenching, a l'inverse, est un mécanisme qui inhibe le quorum sensing. Cette
inhibition peut se faire a différentes étapes de la communication bactérienne : en bloquant la
génération ou la propagation des molécules de signal, ou encore en bloquant leur réception par
les bactéries cibles. Ainsi, l'utilisation du quorum quenching pourrait permettre d'inhiber des
mécanismes de virulence de pathogenes ou leur implantation durable dans des biofilms. A titre
d'exemple, la bactérie Phaeobacter inhibens S4Sm a pu conférer un effet protecteur aux larves
d'huitres contre une infection a V. coralliilyticus RE22Sm (Karim et al. 2013). 1l a par la suite
été démontré que cette protection était liée a la sécrétion d'AHL responsable de la perturbation
du quorum sensing de V. coralliilyticus, inhibant ainsi la transcription de facteurs de virulence

tels que des protéases (Zhao et al. 2019).

2. Modes d'actions indirects : modulation du systéme immunitaire de I'hote
Des bactéries peuvent également étre utilisées en tant que probiotiques dans le but de stimuler
le systtme immunitaire de leur hote, lui permettant ainsi de combattre les infections par ses
propres moyens. Le travail bibliographique présenté dans cette partie fait la synthese des études
portant sur l'utilisation de probiotiques a effets immunomodulants chez les mollusques d'intérét
aquacole. De plus, nous proposons dans cet article de revue une nouvelle approche basée sur
les travaux de (Fallet et al. 2022) lors desquels une exposition de larves d'huitres a un
microbiote d'huitre donneuse a permis d'induire une modulation de génes de I'immunité ayant
conduit a une meilleure survie lors d'une infection a OsHV-1 au stade juvénile. Ainsi, nous
proposons d'utiliser le concept de 1'éducation microbienne. Ce concept propose d'éduquer le
systtme immunitaire de 1'hdte en l'exposant a des microorganismes lors de 1'ontogenese du
systeme immunitaire. Le fait de cibler cette étape clé du développement doit permettre d'induire
des effets bénéfiques tout au long de la vie de l'animal et éventuellement de fagcon

transgénérationnelle.
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Short running title: An early life microbial exposure educates the immune system of

invertebrate species of interest to aquaculture

Abstract:

The holobiont theory expands the notion of individual multicellular organisms as a community
composed of a host and all its associated microorganisms. This concept has been largely studied
in the aquaculture field where increasing evidence has shown the importance of the host
associated microorganisms in species fitness. Here, we focus our review on mollusc and
crustacean species for which microbiota dysbiosis have been described recently in the context
of various diseases leading to important economic losses. Influencing the holobiont structure
through the use of probiotics is a potential strategy that could improve the fitness or the
robustness of cultivated species. We discuss here the possibility of developing microbiome
targeted prophylactic approaches by promoting (1) methods to identify host microbial
community fostering a good health status and (2) early life microbial education to favour long
term resistance to stress or disease. This review is expected to inform the aquaculture industry

of new possible strategies in rearing practices to mitigate diseases and economic liabilities.

Keywords: mollusc, crustacean, holobiont, microbial education, probiotics
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Introduction

Aquaculture production covers most of the increase in seafood needs since 1990 and has
surpassed fisheries as a source of food for human consumption (Anderson et al. 2019). It has
become the fastest growing food-producing sector in the world with a production of 57.5
million tonnes of finfish, 17.7 million tonnes of molluscs and 11.2 million tonnes of crustaceans
for the year 2020 (Food and Agriculture Organisation 2022). For the aquaculture industry,
disease emergences represent great risk and can induce huge economic losses. More worrying
is the accumulation of evidence over the past decades that diseases affecting wild and cultivated
animals have increased in frequency and severity in association with anthropogenic
disturbances and global change (Harvell et al. 2002; Jones et al. 2008; Altizer et al. 2013; Burge
et al. 2014; Kibenge 2019; Behringer and Duermit-Moreau 2021). As mentioned below, marine
invertebrates constitute an important contribution to aquaculture production in the world. In
these species, evidence for recurrent diseases inducing mass mortalities have accumulated,
demonstrating the devastating impact of epizooties (Burge et al. 2014; Kibenge 2019). Diseases
of farmed oysters, shrimp, abalone, and various fish cost billions of dollars each year to this
industry (Lafferty er al. 2015). In some cases, these diseases are directly due to the emergence
of viral, bacterial or parasitic pathogens (Soudant et al. 2013; Travers et al. 2015). As an
example, the White Spot Syndrome Virus (WSSV) is the most prevalent viral pathogen in
shrimps leading to massive mortalities (up to 100% within 3-10 days) that have impacted
productions for decades (Sanchez-Paz 2010). This virus is highly virulent, infecting quickly
infecting gills, stomach, haemocytes, hematopoietic tissues and antennal gland (Pradeep et al.
2012). Another worrying infection called acute hepatopancreatic necrosis disease (AHPDN) or
Early Mortality Syndrome (EMS) has been reported in different shrimp species in Asia. It
induces rapid and drastic mortalities causing losses of up to 90% of the livestock (Hong et al.
2016). This disease is due to the bacterial agent Vibrio parahaemolyticus that damages the
hepatopancreas. In molluscs, the abalone withering syndrome (WS) is another infectious
disease due to the bacteria Xenohaliotis californiensis responsible for moderate to mass
mortality events depending on the considered species. A mortality rate of up to 99% can be
reached in some species such as the black abalone Haliotis cracherodii in USA (Crosson and
Friedman 2018). Several bacterial diseases due to Vibrio, Nocardia and Roseovarius have also

been reported in several bivalve species (Travers et al. 2015).

Other diseases which affect invertebrates of interest to aquaculture are multifactorial and

polymicrobial: in this case, it involves a destabilisation of the microbiota due to an initial
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harmful environmental pressure or to the presence of a pathogen. This dysbiosis eventually
opens the door to development or colonization by opportunistic pathogens or may even lead to
a shift from commensalism to opportunism/pathogenicity for some members of the microbiota.
In shrimp species, the White Feces Syndrome (WES) is a gastrointestinal disorder of cultivated
penaeid shrimp, which causes severe production losses worldwide. Shrimps with WES usually
show a reduced feed consumption and growth rate, hepatopancreatic discoloration, and loose
shells. Diseased shrimps have dramatically decreased microbial richness and diversity
compared to control shrimps (Huang er al. 2020). In molluscs, many epizooties affecting
shellfish are polymicrobial. One of the most striking examples is the case of the Pacific Oyster
Mortality Syndrome (POMS) that emerged in 2008 and is still heavily impacting the Pacific
oyster, Crassostrea gigas, production worldwide (Barbosa Solomieu et al. 2015; Petton et al.
2021). POMS is a multifactorial disease, with biotic and abiotic factors influencing the disease
outbreak (Petton ef al. 2015, 2021). The central role of a herpes-like virus, OsHV-1-uVar, in
POMS has been demonstrated; viral infection triggers an immune-compromised state that
induces microbiota dysbiosis and subsequent bacteraemia caused by opportunistic bacteria,
ultimately leading to oyster death (de Lorgeril et al. 2018). Other studies have shown that
OsHV-1 infection leads to variations in the microbiota characterised by changes in the bacterial
groups which are normally the most abundant and an increase of rare OTU belonging to the
Vibrio genus including known opportunistic pathogens such as V. harveyi (King et al. 2019a)
and Arcobacter (Lasa et al. 2019). Other works have shown that environmental factors such as
pollutant exposure or warming temperatures are another possible cause of dysbiosis in molluscs
which might be responsible for increased mortality rate that are reported in farms. Temperature
stress in C. gigas (rapid increase from 20°C to 25°C) leads to change in the structure of bacterial
composition of the microbiota towards dominance of opportunistic pathogens such as
Vibrionaceae which correlates with increased in mortality (Green et al. 2019). Heat stress also
leads to decreased stability of the haemolymph microbiota in the pacific oyster C. gigas
(Lokmer and Wegner 2015) and induces lower diversity in the mussel M. coruscus (Li et al.
2019). These changes in the haemolymph microbiota participate in the increased mortality in
these two bivalves in response to infections. Other studies performed in Chamelea gallina
(Milan et al. 2019) and Tegillarca granosa (Liu ef al. 2022) have shown that chemical pollution
leads to microbiota shift associated with proliferation of opportunistic pathogens that could

contribute to declining health of clams.
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In order to fight these diseases threatening aquaculture activities, a series of approaches were
developed. The use of probiotics, mutualist symbionts and bacteriophages (Pérez-Sanchez et
al. 2018) are some strategies. These proposed approaches are based on the identification of
beneficial microorganisms inducing direct benefit through their antagonistic effects against
potential pathogens (production of antimicrobial compounds, quorum sensing interference or
predatory effects) (Touraki et al. 2012; Kiymaci et al. 2018; Offret et al. 2018; Zhao et al. 2019;
Goh et al. 2022). Other strategies are based on changes in aquaculture practices through the
application of methods which aims at managing the microbial community inside the rearing
tanks. For example, the use of biofloc system increases the water quality (Kumar ef al. 2021;
Rajeev et al. 2021) and has been shown to favour a better host immune response. Diverse
technologies aim at creating a K-selected microbial community which select against r-strategic
opportunists. These microbial management strategies have led to better performance and
increased viability of larvae (De Schryver et al. 2014; Bossier et al. 2016; Vadstein et al. 2018).
Otherwise, in a broader context, several studies have evidenced the critical role of microbiota
during the early developmental steps to educate and durably imprint the host innate immune
system in mammals (Arrieta et al. 2014; Gensollen et al. 2016, Renz et al. 2017), in fish
(Galindo-Villegas et al. 2012) in crustaceans (Ziaei-Nejad et al. 2006; Roy et al. 2020) and in
molluscs (Yang et al. 2020; Fallet e al. 2022). Despite these evidence, antagonistic approaches
toward microbial communities, such as water sterilization and antibiotic treatment, have been

favoured so far (Eljaddi ef al. 2021; Cordier et al. 2021).

In this review, we promote the possibility of applying natural microorganisms as treatment
during the early developmental stage (larval/spat rearing) to shape and sustain lifelong innate
immune competence in aquaculture. We first report recent works which emphasize the critical
role played by the microbiota on molluscs and crustaceans of economic interest for the
aquaculture field. We then discuss the possibility of using the growing amount of data
describing the host associated microbiota to propose a better prediction of health promoting
bacteria. Finally, we argue that a potential application of these new generation probiotics for a
microbial education in early developmental steps (larval and post metamorphosis stages) could

be a new strategy to induce long-term beneficial effects in aquaculture.
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1. Host-microbiota interactions in health and disease of mollusc and crustacean species

a. Definition of the holobiont concept
Numerous studies have evidenced that host associated microbial communities can influence
multiple facets of animal physiology from pathogen resistance and immunity, development,
behaviour, but also ecological functions such as stress tolerance (Sharon et al. 2010; Heijtz et
al. 2011; Webster et al. 2011; McFall-Ngai et al. 2013; Kostic et al. 2013; Gilbert et al. 2015;
Schmidt et al. 2015; Kohl and Yahn 2016; Webster and Reusch 2017; Gould et al. 2018). These
impacts imply that microbiota can profoundly influence animal performance, fitness and
adaptation capacities in changing environmental conditions (Rosenberg et al. 2009; Webster
and Reusch 2017). These observations fall into the now largely accepted holobiont concept
considering multicellular organisms as a complex community of species. This concept initially
took into account only the mutualistic obligate associations between the host and its symbionts
(Rohwer et al. 2002) but, with the advent of sequencing methodologies and progress made on
the microbiota, the concept of holobiont was generalized to the association between the host
and all its associated microorganisms (bacteria, archaea, viruses and yeasts) (Bordenstein and
Theis 2015). Building on the holobiont concept, the hologenome theory of evolution considers
the holobiont with its hologenome (all genomic entities in interaction) as the unit of selection
during evolution (Zilber-Rosenberg and Rosenberg 2008; Theis et al. 2016). This theory
implies that the host and the symbiont do not interact only for food or ecological niche, but also
constitute the true unit of selection, thus co-evolving together and shaping the genetic
composition of each other. These concepts have made it possible to re-evaluate host-associated
microorganisms beyond their association with diseases and allow us to consider their role in
the host physiology (see Laukens etr al. 2015). The influence of the microbiota on the host
immunity is one of the best examples illustrating the contribution of associated microorganisms
to host fitness. Interestingly, commensal microbiota has multiple ways to cooperate with the
host immune system to prevent pathogen infection. This has been well described in model
species, especially in mice where it is possible to do experiments on germ free animals.
Commensal bacteria can boost the immune system either locally oy systemically (e.g., in distant
tissues) (Chung et al. 2012; Hooper et al. 2012; Abt and Artis 2013; Sommer and Béckhed
2013). But commensals can also directly impact bacteria (either true pathogen or opportunistic
ones) through interference with their entry and installation by direct competition or production

of antimicrobial compounds. The cnidarian Hydra vulgaris is the aquatic invertebrate model
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for which the beneficial effect of the microbiota has been largely addressed and a substantial
number of works clearly shows that the mucosal innate immunity is shaped by host-microbiota

interactions (Schroder and Bosch 2016).

b. Influence of the microbiota for health and disease outcomes in crustaceans and
molluscs of aquaculture interests
Several studies on host-associated microbiota have highlighted the beneficial effects of the
microorganisms for invertebrate species of aquaculture interest Beneficial properties of the
microbiota have been shown in several context relevant for aquaculture such as enhanced
growth, feed efficiency, increased survival in early life stages, settlement, shell quality, size, or
organoleptic quality (Infante-Villamil et al. 2021; Rajeev et al. 2021; Paillard et al. 2022; Yu
et al. 2022). We have focused our review work on host associated microorganisms which are
beneficial in a context of health and infectious disease outcomes (Table 1). Several studies have
shown that a higher microbiota diversity is correlated with the health status of the host in both
crustaceans and molluscs (Table 1, part 1). This may result from the capacity of a highly
diversified microbial community to provide a greater number of beneficial functions. This has
been shown in different shrimp species where a higher diversity of metabolites with potential
beneficial properties are produced by half of the core microbiota and likely contributes to their
immune homeostasis (Zhang and Sun 2022). Otherwise, functional redundancy has been
described in the more diverse microbial community of the yellow abalone compared to the blue
abalone and this correlates with a lower prevalence of the Withering Syndrome disease (Cicala
et al. 2018, 2022). All these aforementioned studies are correlative and only two of them have
shown a direct causality between healthy or diseased microbiota and health status. In penaeid
shrimp, intestinal microbiota transfer (IMT) from WFS diseased shrimp to healthy ones lead to
symptoms like diseased ones (Huang et al. 2020). In C. gigas, a microbiota transfer from
healthy juvenile donor oysters to healthy recipient larval oysters for ten days, leads to enhanced
immune response at juvenile stages and greater capacity to prevent OsHV-1 viral proliferation

and reduced mortality to the POMS disease (Fallet et al. 2022).

Beside the beneficial properties induced by a highly diversified microbial community, some
microbiota specific strains may also contribute to the health of their host by their direct
antagonistic effect on pathogens (Table 1, part 2). The addition of Alterins producing
Pseudoalteromonas hCg-42 correlates with lower mortality in Vibrio challenged C. gigas

(Defer et al. 2013; Desriac et al. 2020 and Dantan, personal communication). The injection of
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BALOs (BdelloVibrio-like organisms) in lobster juveniles results in lower abundance of Vibrio
compared to non-injected control group (Ooi et al. 2021). BALOs are a group of Gram-negative
bacteria that prey on other Gram-negative bacteria and their presence have been reported in the
haemolymph microbiota of diverse shrimp species and the spiny lobster Panulirus ornatus.
Furthermore, in a broader sense, a substantial amount of correlation analysis has clearly
highlighted that the presence or abundance of specific bacteria correlates with lower or higher
prevalence of disease (King et al. 2019a; Clerissi et al. 2020; Infante-Villamil et al. 2021) The

exact role of these bacteria to support host beneficial properties remains however to be defined.

In summary, there is evidence that the host associated microbiota contributes to the health of
molluscs and crustaceans of interest to aquaculture and disruption of a healthy and diversified
microbiota eventually leads to disease states. Understanding the dynamic crosstalk of this

interaction in these species has become necessary to implement disease mitigation strategies.

c. Innate immune effectors are key players which shape the microbiota of molluscs and
crustaceans of interest to aquaculture.

In many species, host-microbiota associations seem to be relatively stable within an individual
and demonstrate a strong correlation between host phylogeny and microbiota that co-evolved
for beneficial outcomes, a concept known as phylosymbiosis (Lim and Bordenstein 2020). This
concept implies that the host can selectively shape its microbiota, leading to convergence of
host phylogeny and microbiota composition. Correlation between host genetic background and
microbiota composition has been clearly evidenced in marine molluscs. In C. gigas, family’s
specific microbiota has been described and perfectly segregates with the oyster’s genetic

background (King et al. 2019b; Clerissi et al. 2020; Dupont et al. 2020).

In a broader context, evidence from invertebrate models reveals that immune systems can
control microbial communities through diverse strategies from mechanical barriers provided by
mucus layers, defence peptides, as well as a cellular defensive line (innate immune cells)
(Rosenstiel et al. 2009; Chu and Mazmanian 2013; Broderick 2016; Dishaw et al. 2016). This
is especially well described in the two noteworthy invertebrate aquatic models, the squid
Euprymna scolopes (Heath-Heckman et al. 2016) and the cnidaria Hydra vulgaris (Fraune and
Bosch 2007; Augustin et al. 2017). In molluscs of aquaculture interest, several studies have
evidenced an indirect link between microbiota and host immunity, especially in the context of

abiotic stresses (Auguste et al. 2019, 2020; Yang et al. 2020; Li et al. 2022; Liu et al. 2022;
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Zhao et al. 2023; Dang et al. 2023) and disease-triggered dysbiosis (de Lorgeril ef al. 2018;
Milan et al. 2019). However, in these studies, whether the stress triggers a microbiota change
which result in an immune shift or reversely, whether the stress triggers an immune shift which
results in a change of microbiota structure remains to be determined. The few studies that
addressed the direct influence of the host innate immunity on microbiota composition in
molluscs and crustaceans are listed in the Table 2. A substantial number of studies have been
performed in the kuruma shrimp Marsupenaeus japonicus and the king prawn Litopenaeus
vannamei where RNAIi invalidation has pointed to a causal link between innate immune
effectors (reactive oxygen/nitrogen species (ROS and RNS and antimicrobial peptides) and the
balance of the bacterial microbiome (Table 2). In L. vannamei, similar works involving
inactivation of gene encoding for AMPs of the crustins family have shown that the type I and

type Il crustins were involved in the regulation of the host bacterial community (Lv et al. 2020b,

a).

In molluscs, to our knowledge, studies have addressed the direct influence of the host innate
immunity for microbiota composition in scallops and oysters. In the scallop Argopecten
purpuratus, the big defensin ApBDI1 and the bactericidal/permeability increasing protein
ApLBP/BPI1 have been shown to regulate the proliferation of specific bacterial groups in the
haemolymph (Muioz et al. 2019; Gonzdlez et al. 2020). In the same species, a g-type lysozyme
is shown to participate in the microbial homeostasis (Gonzalez et al. 2022). In C. gigas, big
defensins have the potential to shape oyster microbiota. Cg-BigDef1 induced a significant shift
in oyster microbiota B-diversity 6h and 24h after its injection into oyster tissues (de San Nicolas

et al. 2022).

2.  Toward the use of next generation probiotics for an optimised microbial education

a. Probiotic usage: definition and limitation for shellfish aquaculture
In this article, we reviewed recent works which emphasize the critical role played by the
microbiota on health and disease resistance for marine invertebrates of economic interest.
Increasing evidence is accumulating which points toward the beneficial advantage conferred by
the microbiota for crustaceans and molluscs in an aquaculture context and how a fine-tuned
setting is necessary to ensure an optimal host-microbiota balance. Disruption of this balance by
external stress or pathogens induces a fitness decrease of the holobiont which eventually leads

to death. In this sense, it is obvious that we should now consider each organism as an holobiont
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where associated microorganisms not only confer a beneficial advantage in adverse conditions
but are essential players of host health. Experimenting with the microbial part of the holobiont
has been active for decades using probiotics. A probiotic is by the definition of the Food and
Agriculture Organization (FAO), a “live microorganisms, which when consumed in adequate
amounts, confers a health benefit on the host” (Food and Agriculture Organisation of the United
Nation 2006). Probiotics have been successfully applied for decades in human health which has
focussed attention on beneficial bacteria isolated from natural human microbiota. As an
example, Lactic Acid Bacteria (LAB) have been widely studied for their beneficial properties
(as reviewed by Mousavi Khaneghah ef al. 2020) and were recently used to potential application
to depuration in C. gigas (Sorée et al. 2020). This has led to several commercial applications
with proved beneficial effect in human health and in agro-industries. The use of probiotic strains
has further been extended to animal production and is considered a promising eco-responsible
and prophylactic alternative to antibiotics (Getachew 2016). The extensive use of antibiotics
has pointed to shrimp aquaculture as a major cause for emergence of antibiotic resistant
pathogens (Thornber et al. 2020) and in this field, the application of probiotics has been used
for decades as an environmentally friendly alternative strategy to fight pathogens (Akhter et al.
2015; Goh et al. 2022). The use of probiotics has also been successfully tested on oysters
(Aguilar-Macias et al. 2010; Kesarcodi-Watson et al. 2012b; Garcia-Bernal et al. 2019; Modak
and Gomez-Chiarri 2020). The mode of action of probiotics and their beneficial effects for
disease resistance and species performance in aquaculture have been extensively reviewed
(Akhter et al. 2015; Yeh et al. 2020; Goh et al. 2022; Sumon et al. 2022). Several limitations
have been reported in the literature which make that the application of probiotic is not always
fully beneficial. One major limitation is that the probiotic strains do not settle down in the
endogenous microbiota (Table 3). Addition of non-autochthonous strain (Bacteria isolated
from another species) is a possible explanation considering the tight association which exist
between the host and its microbiota as explained in the first part of this review. Regular addition
of probiotics supplemented with prebiotics (compounds in food that induce the growth or
activity of the probiotics) is a strategy which has been applied so far to maintain long term
beneficial properties of the added strains, but such an approach increases the economic cost of
the probiotic solution (Pérez-Sanchez et al. 2018). Another major limitation in the shellfish
farms is that it is impossible to use probiotics in open culture at sea. In this sense, the probiotic
usage in molluscs industry is restricted to hatcheries during larval rearing. Except for the work
performed by Fallet et al. (2022), the literature on probiotics added during larval stages do not

report long term beneficial effect for molluscs and crustacean health (Table 3). Several reason
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might explain this potential caveat: (i) The long term beneficial properties have not been
addressed in the published work mentioned in table 3 and the authors have missed the potential
of their probiotics to confer long-term benefits to their host (ii) The author have added single
probiotic strain and considering the importance of the microbial diversity for host fitness, the
use of multi-strain probiotics (MSP) should lead to more beneficial effects. MSP consist of a
mix of two or more strains, that have proven to give various beneficial effects for its host. The
improved performance of MSP effect compared to single strains has been intensively described
in fish (Puvanasundram et al. 2021; Padeniya et al. 2022) and is starting to be described in
crustaceans and molluscs (Kesarcodi-Watson et al. 2012a; Grandiosa et al. 2020). As an
example, the use of a mix of four different probiotics has improved the growth and the immune
status of L. vannamei more efficiently in comparison with sigle use probiotics (Wang et al.
2019). The addition of MSP during the larval stages conferred a protective effect in Spiny

Lobster (P. ornatus) larvae against Vibrio owensii infections (Goulden et al. 2012).

b. Next generation probiotics: emerging tools for a better prediction of health
promoting bacteria

The recent advances on host-microbiota interactions have brought new insights which should
broaden their use to the most updated strategies. A subsequent number of large-scale diversity
analyses applied to diverse crustaceans (Holt et al. 2021) or mollusc species (Yeh et al. 2020)
has led to multiple descriptions of bacteria associated with different tissues, at several life
stages, related to different health status, in different locations. These datasets are tremendously
valuable resources for prediction of stage and species-specific beneficial bacteria. Correlation
studies that identify association between health status and microbiota composition should lead
to decipher consortia of beneficial microorganisms. This has been applied to microbial
communities associated with health and disease in shrimp in order to identify stage specific
disease or bioindicators of health (Zheng et al. 2017). Based on a Linear Discriminant Analysis
(LDA) Effect Size (LEfSe) (Segata et al. 2011), Zheng et al. identified that the genus
Meridianimaribacter was enriched in healthy shrimp and with good water quality. In agreement
with other culture dependent work (Zheng et al. 2016), this genus was identified as a beneficial
bacterium for shrimp larvae and was suggested as a probiotic candidate for shrimp larval
rearing. In the same manner, based on the similar LEfSe method applied to the bacterial
community associated with POMS sensitive and resistant oysters, we identified stage specific

bacterial taxa which are overrepresented in more resistant oysters during experimental infection
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(Fallet et al. 2022)t. In another study, we performed a differential analysis of taxa abundance
between conditions in microbiome and we have identified three bacterial families
(Colwelliaceae, Cyanobacteria (Subsection 111, family I), and Rhodobacteraceae) significantly
associated with oysters resistant to POMS disease (Clerissi et al. 2020). Overall, we suggest
that the predictive analysis based on correlation studies in combination with literature
information should be an upstream step to identify putative beneficial bacteria that can be then
isolated by culture-based approaches (Figure 2). We anticipate an improved benefice of the
probiotics designed in such a way since this would consider the concept of the holobiont and
the long co-evolutionary history between the host and the bacteria (Box 1). However, this is
only a predictive strategy, and the beneficial effect of these probiotics requires to be validated

in an experimental framework as we describe in Figure 2.

¢. Microbial education during early stages: An opportunity to sustain long-term
beneficial effects.

Another possibility that we discuss here is to educate the host immune system through the
application of beneficial microorganisms during the course of the immune system ontogenesis.
This “microbial education” plan is not just applying another probiotic strategy but is a real
concept that meets its foundation on robust recent scientific works which are at the interface of
several fields as summarised in the box 1 and figure 1: (1) the microbial community
management in aquaculture (2) the holobiont theory (3) The biological embedding concept (4)
the possibility to prime the innate immune system of invertebrate species to induce long term
immune protection. The “microbial education” outline is to add host specific microorganisms
during the larval development. This strategy aims at influencing the immune system toward
better defence capacities. The possibility to influence the developmental trajectory of individual
by environmental manipulation during early development has been previously discussed by
others (Gavery and Roberts 2017; Eirin-Lopez and Putnam 2021). This strategy can be used to
produce a desired phenotype and applied to critical issues in aquaculture with some benefits but
also, some barriers as summarised in the Table 4. The possibility to educate the host immune
system through a microbial education has been demonstrated in oysters by Fallet et al. (2022).
In this work, we showed that it was possible to increase C. gigas immune competence until the
juvenile stage four months after a 10 days natural microbial exposure during the larval stages.
This work clearly highlighted that an interaction with a diversified and autochthonous

microbiota during the early developmental stages has lifelong consequences (even
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transgenerational impact) and could be instrumental to fight against the POMS disease. Such
an approach remains to be investigated for the other pathogens commonly described from the
larval to adult stages in C. gigas (Dégremont et al. 2021), and other oyster species (Dégremont
et al. 2015). This early life microbial education is somewhat in contradiction with some
hatchery current practices, which seek to limit the introduction of both non-pathogen and
pathogen bacteria, viruses, and eukaryotes as well as to eliminate unwanted plankton and
zooplankton in seawater from the conditioning of the broodstock to the larval and spat stages
(Bourne et al. 1989; Helm et al. 2004; Eljaddi et al. 2021; Cordier et al. 2021). In addition, the
depletion of bacteria in the rearing environment and in the farmed animals is often accentuated
by the addition of antibiotics. This process was tested in response to the risk of mortality in
livestock (Le Pennec er al. 1973; Bourne et al. 1989; Nicolas et al. 1992) and was quickly
associated with the risk of selecting antibiotic-resistant bacteria (Martin and Mengus 1977;
Bourne et al. 1989). Today, however, this use remains a common practice, mainly at the larval

stage of rearing of various species of marine invertebrates as well as their broodstock.

Globally, research efforts remain to be performed for a microbial education to be applied during
larval rearing. The microbial management plan is in line with our proposal. It aims at increasing
the performance and viability of larvae by applying ecological theories and optimising the
larvae-microbiota interactions (De Schryver and Vadstein 2014; De Schryver et al. 2014).
Diverse methods (MMS: Microbially Matured Water System, BFT: Bio Floc Technology,
RAS: Recirculating Aquaculture System) allow for the stable presence of naturally K-selected
microbial community into the rearing tanks. It clearly has long term beneficial impact and
favours the production of high-quality juveniles (De Schryver and Vadstein 2014; De Schryver
et al. 2014). The immunomodulatory properties and health benefits of such practices have been
demonstrated (Kumar et al. 2021). However, using these methods, the added microflora is not
controlled and not specific to the raised species and it is hazardous since it may contain
pathogenic microorganisms. In perspective of this review, we propose a simple conceptual
model to summarize the possible strategy which could be applied to perform the most
appropriate early-stage microbial education (Figure 2). Full-scale trials will be necessary and
should consider several parameters which could impact hatching and larval growth/survival.
The parameters should include: the definition of the multi-strain bacterial mix to be applied, the
way the bacterial mix should be administered, the most appropriate window to be targeted, the
duration of the exposure, and the aquaculture rearing conditions. In Fallet er al. (2022), the

microorganisms to which recipient oyster larvae were exposed came from healthy C. gigas
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spats sampled in their natural environment and used as microbiota donors. Those donor oysters
were held upstream the larval tanks but downstream the filter systems. This strategy allowed
transferring the whole oyster associated microorganisms' community to recipient larvae and
accordingly, the immunomodulatory potential of the overall microbial diversity (including
viral, prokaryotic, eukaryotic and uncultivable microorganisms) was used. Such a strategy
could be applied to hatcheries. However, a major limitation of such a practice should be
considered: the microorganism community is not controlled and remains hazardous. A real
health risk remains since donor oysters of microbiota may also carry pathogens although they
appear to be healthy. In this sense, a controlled environment rich in microorganisms used during
the larval rearing is recommended. This can be achieved using donor oysters of microbiota
which were always kept in biosecured facilities (Figure 2). In this way, the oysters were shown
to be devoid of the three main pathogens of C. gigas from larvae to juveniles (Azéma et al.
2017; Dégremont et al. 2021). Alternatively, a controlled culture based bacterial formulation,
the multi-strain bacterial mix can be added during the larval rearing (Figure 2). For this
purpose, it will be necessary to first build a collection of hosts associated bacteria and screen
several bacterial cocktails for their ability to induce long term immunomodulatory effects. Early
development is the preferential stage to be targeted to induce long lasting effects, as previously
reported (Galindo-Villegas et al. 2012; Arrieta et al. 2014; Gensollen et al. 2016; Fallet et al.

2022). Targeting this stage also offers the possibility to treat millions of larvae at the same time.

Conclusions:

Diseases of farmed shellfish induce significant economic losses. To cope with these recurring
threats, the search for alternative and environmentally friendly solutions has been investigated
for a long time. We review here how host associated microorganisms are not just a great help
to improving the fitness of their host but are part of a much more complex evolutionary unit
called the holobiont. We discuss the possibility of implementing the most advanced techniques
and the concept of the holobiont field as potential new strategies to mitigate, at least, farmed
animal diseases. We suggest (i) using the increasingly growing amount of data which describes
microbiota in diverse species as a tool to predict the most natural beneficial bacteria for their
associated host (i) applying an exposure of these predicted beneficial microorganisms during
the larval rearing step in hatchery to benefit from the biological embedding. If properly applied,
this microbial education is expected to induce lifelong protection and could be a natural and

sustainable strategy for safeguarding aquaculture efforts from infectious disease.
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List of abbreviations:

AHPDN: Acute Hepatopancreatic Necrosis Disease
BALOs: BdelloVibrio and like organisms
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EMS: Early Mortality Syndrome

LAB: Lactic Acid Bacteria

LC_MS: liquid chromatography-coupled mass spectrometry

LEfSe: Linear discriminant analysis (LDA) Effect Size
MSP: multi-strain probiotics

OTU: Operational Taxonomic Unit

POMS: Pacific Oyster Mortality Syndrome

RNS: Reactive Nitrogen Species

ROS: Reactive Oxygen Species

TNF: Tail Fan Necrosis
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Tables and figures:

Table 1: Studies which support that host associated microbiota influences the health of molluscs and crustacean of aquaculture interest

Part 1: Studies which highlight how the microbiota diversity influences the health and disease outcomes.

Species Disease Microbiota change Effect on the Host Reference
. ) White Spot Increased Microbial diversity induced by dietary Reduction of the mortality rates after a WSSV challenge in (Schleder et al.
. vannamei
Syndrome Virus supplementation of brown seaweeds composition diet fed group compared to control shrimp 2020)
M. japonicus, L.
vannamei, Production of metabolites with antiviral potential by
White Spot Likely contributes to a better Inmune homeostasis and (Zhang and Sun
Macrobrachium ) half of the core microbiota in response to viral ] )
Syndrome Virus potential host resistance 2022)
rosenbergii, challenge

Procambarus clarkii

Ehnnarusganunarus

Infection with
Homarus
gammarus

nudivirus (HgNV)

Increased Species richness and diversity observed in
sea-based container culture compared to land-based

culture

Lower viral prevalence in SBCC compared to land-based

culture

(Holt et al. 2020)

Penaeid shrimp

White Feces

Syndrome

Decreased in microbial richness and diversity during

the WEFS disease

Intestinal microbiota transplants from WES diseased to
healthy shrimp lead to symptoms similar to the diseased

ones

(Huang et al. 2020)

Haliotis fulgens

Haliotis corrugata

Withering

Syndrome

Higher microbial diversity in the yellow abalone
(Haliotis corrugata) compared to blue abalone

(Haliotis fulgens)

Increased susceptibility to the WS in the blue abalone
which correlates with structural and functional alterations
in their microbiota on the contrary to yellow abalone

which keeps a stable microbiota under WS stress

(Cicala et al. 2018,
2022)

C. gigas

POMS disease

Higher microbial diversity in larvae after a microbiota

transfer compared to control group

Lower mortality in the microbiota transferred group

compared to control

(Fallet et al. 2022)
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Part 2: Studies which highlight the beneficial contribution of a specific bacterial species for the health of its autochtonous host by

antagonistic effects.

Species Disease Microbiota change Effect on the Host Reference
(Defer et al
2013; Desriac et
Addition of Pseudoalteromonas (hCg-42  In vitro antimicrobial effect against Vibrio and al 2020
C. gigas Vibriosis and hCg-6) (producer of antimicrobial decrease of the mortality rates after a Vibrio Dantan
molecules (Alterins)) to C. gigas challenge in C. gigas incubated with hCg-42 personnal
communication)
o ) Abundance decreases of Vibrio in _
o Addition of BALOs (BdelloVibrio and like o _ (Ooi et al.
P. ornatus Vibriosis . haemolymph of host injected with
Organisms) to P. ornatus 2021)
Halobacteriovorax sp. (BALOs)
Addition of Bacillus sp. YCS5-2 initially (Luis-
Litopenaeus In vitro antibacterial effect against Vibrio and
Vibriosis isolated from the guts of healthy wild adult . Villasefior et al.
vannamei decreased mortality after a Vibrio challenge
shrimp 2011)
V. Addition of Pseudoalteromonas (D16 and
Improving survival of oysters during V. (Madison et al.
C. gigas coralliilyticus ~ DM14), and Epibacterium (B11) initially
‘ . . coralliilyticus infection 2022)
infection isolated from C. gigas oysters
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Table 2: Studies which support direct consequences of the innate immune system for the host associated microbiota structure.

Organisms

Innate immune effectors

Influence on the microbiota structure

Reference

M. japonicus

MjHeCL (protein that combines a C-type

lectin domain, and an antimicrobial peptide)

The down-regulation of MjHeCL expression by RNAi lead to the proliferation

of the haemolymph microbiota, ultimately resulting in shrimp death

(Wang et al. 2014)

M. japonicus

The Catalase enzyme by regulating the
Reactive Oxygen Species (ROS) level

High level of ROS in shrimp intestine (obtained after inactivation of MjCAT
which encodes for the Catalase) correlates with a reduction in bacterial load of

the shrimp intestinal lumen

(Yang et al. 2015)

M. japonicus

Nitric Oxide (possibly through its positive
regulation of AMPs production)

After RNA interference of the Nitric Oxyde Synthase (NOS) or treatment with
an inhibitor of NOS, NO production decreased, and the gut bacterial load

increased significantly in shrimp

(Hong et al. 2021)

L. vannamei

Antimicrobial peptides of the Crustin family

Inactivation of the gene encoding for the antimicrobial peptide LvCrustin II-1

leads to change in the microbiota composition of the shrimp gills

(Lv et al. 2020a)

L. vannamei

Antimicrobial peptides of the Crustin family

Inactivation of the gene encoding for the antimicrobial peptide LvCrustin I-1

leads to change in the microbiota composition of shrimp intestines

(Lv et al. 2020b)

A. purpuratus

Antimicrobial peptide from the big defensin

family (ApBD1)

Inactivation of the gene encoding for ApBD1 leads to changes in bacterial

composition of the hemolymph microbiota

(Gonzilez et al. 2020)

A. purpuratus

The bactericidal/permeability increasing

protein ApLBP/BPI1

Inactivation of the gene encoding for ApLBP/BP1 leads to changes in

bacterial composition of the hemolymph microbiota

(Gonzalez et al. 2020)

A. purpuratus

g-type lysozyme ApGlys

Inactivation of the gene encoding for ApGlys leads to higher diversity in

hemolymph bacterial community and imbalance in certain bacterial groups

(Gonzélez et al. 2022)

C. gigas

Antimicrobial peptide from the big defensin

family (Cg-BigDEf1)

Injection of synthetic Cg-BigDEf1 into the oyster tissues induced a significant

shift in oyster microbiota B-diversity

(de San Nicolas et al. 2022)
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Table 3: Current limitations of probiotic application in molluscs and crustaceans aquaculture

The probiotics do not settle down in the endogenous microbiota

Exposure of the European abalone Haliotis tuberculata with the Pseudalteromonas hCg-6 exogenous strain leads to a transient establishment

of this probiotic strain in the haemolymph rather than the establishment of a long-term interaction

(Offret ef al. 2018)

Exposure of C. gigas larvae to BLIS (bacteriocin-like inhibitory substance) - producing Aeromonas media, showed that the probiotic strain

concentration decreased right after it was added to the oyster and was not detectable 72h after its addition

(Gibson et al. 1998)

The probiotics display short term beneficial effects

In L. vannamei, larval exposure with Bacillus subtilis E20 or with Bacillus sp. YC5-2 is beneficial to the shrimp during larval stages but

subsequent beneficial effects on further stages are not tested.

(Liu et al. 2010; Luis-
Villasefior et al. 2011)

Immunomodulation is observed in L. stilirostris after a larval exposure with Pseudoalteromonas probiotic candidates but not tested on later

stages.

(Pham et al. 2014)

Addition of Bacillus pumilus RI06-95 and Phaeobacter inhibens S4 during larval development of the eastern oyster C. virginica for either 6h
or 24h prior to pathogen challenge leads to an effective immune response and protection against V. coralliilyticus and Vibrio tubiashii further
reported that the beneficial effect was observed immediately after exposure, but no significant protection was observed when the larvae were

challenged 48 and 96h after removal of the probiotic.

(Karim et al. 2013; Modak
and Gomez-Chiarri 2020)

The exposure of C. cortezinsis larvae to a mix of two bacteria Pseudomonas aeruginosa, strain YC58 and Burkholderia cepacia, strain Y021,

leads to a better survival during the larval rearing stages.

(Campa-Coérdova et al.

2011)

A 20-hours larval exposure to Pseudoalteromonas sp. D41 or Phaeobacter gallaeciensis, has conferred a significant protection to C. gigas

larvae against V. coralliilyticus

(Kesarcodi-Watson et al.

2012b)

An immunomodulation was also observed on the Yesso scallop Patinopecten yessoensis fed with a diet of microalgae supplemented with the

strain Pseudoalteromonas sp. F15 during larval stages

(Ma et al. 2019)

In the sea cucumber Apostichopus japonicus, an exposure to bacterial strains Pseudoalteromonas elyakovii HS1, Shewanella japonica HS7, or

Vibrio tasmaniensis HS10 lead to an enhanced cellular and humoral immune response and to an improved survival and growth rate

(Chi et al. 2014)
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Box 1: Scientific rational behind the microbial education

Description of the concept

@™ The microbial management in aquaculture consist in controlling the water microbiota in rearing system according to ecological selection

Microbial community principles. Methods which favour K-selection in the rearing environment have been shown to select against r-strategic microbes and

management in promote healthy microbe-larvae interactions (De Schryver and Vadstein 2014; De Schryver et al. 2014; Bossier et al. 2016; Vadstein et
aquaculture al. 2018).

Host associated microbial communities can influence multiple facets of animal physiology from development, behaviour, ecological
functions such as stress tolerance but also pathogen resistance and immunity (Sharon et al. 2010; Heijtz et al. 2011; Webster et al. 2011;

McFall-Ngai et al. 2013; Kostic et al. 2013; Gilbert et al. 2015; Schmidt et al. 2015; Kohl and Yahn 2016; Webster and Reusch 2017;

(2)

Holobiont concept
P Gould ef al. 2018). The beneficial effect of microbiota for host immune homeostasis is clearly one of the best illustration of the holobiont

theory (Chung et al. 2012; Hooper et al. 2012; Abt and Artis 2013; Sommer and Bickhed 2013).

The biological embedding is the process by which the life history of an individual during ontogeny impacts its development and thus

modifies its phenotype (Aristizabal er al. 2020). The environment has a long-lasting influence on the functions of biological systems and

3 this environmental imprint has major consequences for the behaviour and health of individuals. The early stages of development are
Biological embedding sensitive windows for recording this environmental information (Dolinoy et al. 2011; Fellous et al. 2022). Microbial colonization during
early life is an example of biological embedding and many studies have emphasized its critical role to educate and durably imprint the

immune system (Arrieta et al. 2014; Gensollen et al. 2016).

The immune memory as described in vertebrates does not exist per se in invertebrates and the fight against pathogens relies on innate

immune mechanisms. It has been shown recently that this innate immunity can be trained to retain the memory of a primary exposure to

C))

better respond to infections encountered later (Netea et al. 2020). In mollusc and crustaceans, recent studies have shown that it is possible
Immune priming

to train the innate immune system (Zhang et al. 2014; Norouzitallab et al. 2016; Lafont et al. 2017, 2020). The possibility to use trained

immunity as a potential strategy to fight disease in shrimp aquaculture has been recently reviewed by Roy et al. (2020).
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Figure 1: Microbial education for health benefit in Shellfish aquaculture

57



Introduction

Table 4: Benefits and barrier for practicability in aquaculture

Benefit

The microbial education is a probiotic strategy that has to be applied during larval rearing in hatcheries. This plan is feasible for shellfish, even

those which will be transferred in open sea at later stages.

The probiotic exposure will be performed on millions of larvae at the same time

The strategy aims at providing high quality juveniles, which is a current bottleneck in aquaculture

The exposure benefice during larval stages is expected to be lifelong but also multigenerational

Barriers

The larval rearing is identified as a really sensitive steps and inappropriate probiotic exposure during these steps may be more detrimental than

beneficial

The microbial education approach is empirical and require time for optimisation. The optimal setup for one species can not be implemented to

another species

The exposure to microorganisms, multi strain probiotic for example, can lead to heightened immunity with some specificity toward particular

pathogen and may not protect against all infectious disease

The use of donors of microorganisms is the best strategy but the transferred microbiota is not controlled and there is a risk for pathogen

transmission
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Figure legend

Figure 1: Full scale experimental design to identify beneficial bacteria for microbial
education.

For a long-term beneficial effect, it is recommended to perform the microbial education during
larval stages (Part A, green coloured). The microorganisms to be added to the seawater during
larval rearing can be introduced either (1) by pathogen-free donor oysters which were always
kept in controlled facilities using UV-treated seawater, strict biosecurity zoning and
management procedures or (2) by adding cultured based multi-strain bacterial mix which have
been carefully selected. The method of administration of the mix and its composition have to
be optimised to maximize its absorption by the larvae (Dipping or in freeze-dried form, delayed
or simultaneous to the feeding, biofloc form). The exposure window (from embryogenesis to
larval stages) and the duration of the exposure to the bacterial cocktails must be adjusted. The
rearing conditions are other parameters which should be tested (Temperature, continuous flow
or batch rearing system). The definition of the multi-strain bacterial mix (Part B, orange
coloured) is a necessary upstream step to better anticipate for beneficial properties. First, a
library of cultivable bacteria must be created. These bacteria will be preferentially isolated from
the host to be targeted. Pathogen-resistant animals (if probiotics aims at improving resistance
toward a particular infectious disease) must be collected from several geographical sites and at
different seasons in order to maximize the bacterial diversity. The bacteria thus obtained will
then be cultivated, purified, and cryopreserved. Several physicochemical parameters (culture
media, temperature) for bacterial culture may be tested to increase the potential biodiversity in
the bacterial library. Identification of each cultivated strain from the collection will be
performed by SANGER sequencing of the 16S rRNA coding gene. In parallel, in silico
predictive analysis must be performed to predict which bacteria are generally associated to
resistant phenotype in the host (if probiotics aims at improving resistance toward a particular
infectious disease). This correlative study will necessitate that several (meta)barcoding analyses
have been previously generated on microbiota sampled from resistant and sensitive animals
toward a specified disease. These correlative analyses, coupled with an exhaustive study of the
scientific literature, should make it possible to predict bacteria from the collection which could
be beneficial probiotic candidates. Then, beneficial effects of the microorganism exposure will
have to be tested (Part C, grey coloured). Short term effect will be tested during the larval
stages. Particular attention should be paid to the effect of the MSP on the survival and

physiology of the larvae, to test whether the exposure is deleterious, beneficial, or neutral for
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larval development and growth properties. Sampling for molecular analysis (i.e.,
transcriptomic, barcoding, metabolic, epigenomic analysis,) may be worth to decipher
molecular basis of the microbial effect. Finally, long term beneficial effect will be tested on

subsequent life cycle stages: juveniles and adults will be challenged by pathogens.
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IV. Objectifs de la these

En raison du nombre croissant et de la sévérité de plus en plus importante des maladies
infectieuses affectant la production de l'huitre du Pacifique Crassostrea gigas, il apparait
comme essentiel de développer des stratégies de lutte contre ces maladies infectieuses. Les
pratiques ostréicoles actuelles se déroulant en milieu ouvert, les méthodes de lutte classiques
telles que l'utilisation d'antibiotiques sont impossibles a mettre en place. Récemment, de
nouveaux concepts sur les interactions hote-microbiote ont émergé. Des études ont démontré
lI'importance que jouent les micro-organismes dans la santé de leur hote (Laukens et al. 2015).
De plus, il a été¢ démontré au sein du laboratoire IHPE qu'une exposition a des microorganismes
lors des stades précoces du développement de I'huitre Crassostrea gigas permettait d'avoir chez
I'huitre juvénile une diminution du taux de mortalité lors d'un challenge a la maladie du POMS
mais également une modification de l'expression de genes liés a I'immunité (Fallet ez al. 2022).
D'autre part, il a également été montré que certains taxons bactériens tels que les Colwelliaceae,
les Cyanobacteria (Subsection III, family I), et les Rhodobacteraceae étaient surreprésentés de

facon significative chez les huitres résistantes a la maladie du POMS.

Mon objectif de these était donc de développer des stratégies alternatives afin de lutter contre
ces maladies infectieuses en utilisant les capacités naturelles du microbiote de I'huitre C. gigas.

Pour y parvenir, deux stratégies différentes ont été étudiés au cours de ma these.

Pour le premier chapitre de ma these, le mécanisme étudié est celui de 1'éducation microbienne.
Il s'agit d'éduquer le systeme immunitaire des huitres par une exposition a des bactéries lors des
stades précoces du développement afin de leur permettre de mieux résister face a la maladie du

POMS et a la bactérie pathogene Vibrio aestuarianus.

Le second chapitre de ma these porte sur 1'utilisation des effets antagonistes des bactéries du
microbiote de l'huitre dirigés contre différents agents pathogenes de l'huitre. Il s'agit de
combattre directement les infections a Vibrio aestuarianus mais également de bloquer 1'étape

de dysbiose survenant apres l'infection a OsHV-1 uVar dans la maladie du POMS.

Afin de faciliter la lecture de ce manuscrit de these, les articles présentés dans les chapitres 1 et

2 sont précédés d’une synthése en frangais reprenant l'article dans son intégralité
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Chapitre 1 :

Role de I’éducation microbienne dans le
développement du systéme immunitaire de I’huitre
Crassostrea gigas a des fins de lutte contre les
maladies infectieuses
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I. Contexte et objectifs

Comme nous avons pu le voir dans l'introduction, 1'huitre du Pacifique Crassostrea gigas fait
face a des épisodes de mortalité provoqués par des maladies infectieuses. Ces épisodes peuvent
étre dévastateurs pour la production ostréicole et induire d'importantes pertes économiques pour
les professionnels du secteur. Parmi ces maladies infectieuses, on retrouve les infections par
OsHV-1 pVar, responsable de la maladie du POMS et affectant principalement les huitres
juvéniles, ainsi que les infections a Vibrio aestuarianus, qui touchent principalement les huitres

adultes.

Dans ce contexte, 1'importance de développer des méthodes de lutte contre ces maladies
infectieuses devient un enjeu majeur pour le secteur ostréicole. Pour cela, j'ai étudié la
possibilité de tirer profit des effets bénéfiques du microbiote naturel de l'huitre afin de lutter
contre ces différentes maladies infectieuses. En effet, de précédentes études ont démontré
I'importance du microbiote pour la santé de son hote. Parmi ces études, il a notamment été
démontré que certains taxons bactériens étaient préférentiellement associ€s aux huitres
résistantes a la maladie du POMS (King et al. 2019; Clerissi et al. 2020; Fallet et al. 2022). 11
a également été démontré qu'il était possible de réaliser une éducation du systeme immunitaire
des huitres par une exposition a des microorganismes lors des stades précoces du
développement (Fallet er al. 2022). Dans cette dernicre étude, des larves d'huitres ont été
exposées pendant 10 jours a des huitres donneuses de microbiote. Ces huitres donneuses avaient
été préalablement disposées dans le milieu naturel de telle sorte a acquérir une diversité du
microbiote maximale. A la suite de cette exposition, les huitres devenues juvéniles ont présenté
lors d'une infection expérimentale a OsHV-1 pVar une diminution de la prolifération du virus

conduisant a une diminution de la mortalité. Enfin, en étudiant la réponse transcriptomique de

ces huitres, il a été observé une modulation de genes impliqués dans 1'immunité.
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Les objectifs de cette partie sont donc de :

1) déterminer si une exposition, pendant les stades larvaires, a un microbiote complet
provenant d'huitres donneuses, ayant toujours été maintenues en conditions contrdlées
(eau filtrée et traitée aux UVs), peut avoir un effet bénéfique contre les infections a
OsHV-1 pVar et V. aestuarianus. En effet, I'utilisation d'huitres donneuses ayant été
préalablement enrichies en microorganismes provenant du milieu naturel, pose des
problemes pour une application en écloserie du fait de I'importation possible d'agents
pathogeénes ou opportunistes provenant de I'extérieur. L'utilisation d'huitres donneuses

provenant d'un milieu contrdlé apporterait ainsi une sécurité pour les écloseries.

2) étudier s'il est possible d'induire les mémes effets en utilisant des mélanges de bactéries

préalablement sélectionnées pour leur effet bénéfique potentiel,

3) caractériser les mécanismes moléculaires de résistance induits par ces différentes
expositions microbiennes a l'aide d'approches de métabarcoding (modifications du

microbiote) et de RNAseq (réponse transcriptomique de 1’hote),

4) déterminer si la réponse a ces expositions microbiennes est identique ou différente en
fonction de différentes populations d'huitres et si une association sympatrique entre les
microorganismes et les populations d'huitres peut induire une meilleure protection face

a ces maladies infectieuses.

II. Matériel et méthodes

Afin de répondre a ces questions, une collection de bactéries associées aux huitres résistantes a
la maladie du POMS a été créée. Pour cela, des huitres agées d'environ un an et ayant survécu
a un épisode infectieux de la maladie du POMS ont été prélevées sur quatre différents sites en
zones conchylicoles (Rade de Brest, La Tremblade, Bassin d'Arcachon et étang de Thau). Ces
huitres ont ensuite été broyées individuellement et étalées sur des boites de Marine Agar. Les
bactéries issues de ce prélevement ont ensuite été isolées et purifiées par repiquages successifs
avant d’étre cryoconservées en glycérol et identifiées par séquencage SANGER du gene codant

pour I'ARNT 16s.

En parallele, une étude comparative entre le microbiote d'huitres résistantes et celui d'huitres

sensibles a la maladie du POMS a été réalisée. Les résultats de cette analyse, couplés aux
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données de la littérature scientifique portant sur l'utilisation de bactéries a effets bénéfiques en
aquaculture, ont permis de sélectionner des bactéries dans la collection de bactéries associées
aux huitres résistantes a la maladie du POMS et de créer cinq mélanges de bactéries multi-
souches (quatre sont composés de bactéries ne provenant que de l'un des quatre sites de

prélevements et le cinquieme est composé de bactéries provenant de ces quatre sites).

Des larves de quatre familles d'huitres (reproduction multi-parentale a partir de géniteurs
provenant des mémes sites que les huitres ayant servi pour 1'isolement des bactéries) ont ensuite
été exposées durant 14 jours, deés 3 heures post-fécondation (pf), avec un renouvellement tous
les deux jours, a ces cinq mélanges de bactéries et a un microbiote complet provenant d'huitres
donneuses ayant passé leur vie en conditions contrdlées et exemptes de pathogenes. Une
exposition plus tardive a également été réalisée pour trois mélanges (Brest, La Tremblade et
multi-sites), entre le septieme et le quatorzieme jour post-fécondation. Au cours des élevages
larvaires, des prélevements ont été réalisés afin de déterminer l'impact de cette exposition

microbienne sur la viabilité, la croissance et le microbiote des larves.

A la suite de 1'élevage larvaire, les huitres ont été laissées a stabulées. Huit mois aprés
I'exposition, une premiere cohorte d'huitres (poids moyen = 2,80 g) a été soumise a une infection
expérimentale a OsHV-1 uVar et un an apres 1'exposition, une seconde cohorte (poids moyen
= 9,42 g) a été soumise a une infection expérimentale a Vibrio aestuarianus afin de déterminer
un phénotype de résistance. Enfin, des analyses moléculaires ont été réalisées afin de déterminer
les mécanismes moléculaires mis en jeu. Dans ce but, une analyse métabarcoding a été réalisée
afin de déterminer 1'impact qu'a eu l'exposition lors des stades larvaires sur les communautés
bactériennes des larves et des huitres juvéniles, et une analyse RNAseq a été réalisée afin de
déterminer l'impact sur la réponse transcriptomique des huitres juvéniles huit mois apres

'exposition et 3 heures apres le début de 1'infection a OsHV-1.

III. Résultats

Une collection de 328 bactéries associées a la maladie du POMS a pu étre créée. Cette collection
est composée de 62,8 % de Proteobacteria, 15,3 % de Firmicutes, 12,3 % de Bacteroidetes et
9,6 % d'Actinobacteria. L'analyse comparative des données de microbiotes associés aux huitres
résistantes comparées aux huitres sensibles a la maladie du POMS a permis d'identifier 118
genres bactériens comme étant significativement associés aux huitres résistantes a la maladie

du POMS. Les résultats de cette analyse comparative, couplés aux données de la littérature
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scientifique portant sur l'utilisation de bactéries a effets bénéfiques en aquaculture, ont permis
de sélectionner des bactéries dans la collection de bactéries associées aux huitres résistantes a
la maladie du POMS et de créer cinq mélanges de bactéries multi-souches (quatre sont
composés de bactéries ne provenant que de 1'un des quatre sites de prélevements et le cinquieéme

est composé de bactéries provenant de ces quatre sites).

Les différentes expositions microbiennes ont provoqué chez les larves d'huitres des effets
contrastés. Concernant la viabilité de ces dernieres, le mélange de Thau ainsi que les mélanges
de Brest, La Tremblade et multi-site administrés entre J7 et J14 pf ont eu des effets bénéfiques
ou pas d'effet sur la viabilité des larves. L'exposition au mélange d'Arcachon ainsi qu'au
microbiote des huitres donneuses ont eu des effets négatifs modérés et enfin, les mélanges de
Brest, La Tremblade et multi-site administrée entre le jour z€ro et le jour 14 ont eu des effets
fortement déléteres. En revanche, aucun de ces mélanges n'a eu d'effet significatif sur la
croissance des larves. Trois conditions d'exposition ont permis de réduire significativement le
risque de la mortalité face a la maladie de POMS. Le mélange d'Arcachon administré entre JO
et J14 pf a induit une réduction du risque de la mortalité de 21 % (Log-Rank test : p-val =
0,038), le mélange de La Tremblade, administré entre J7 et J14 pf a lui réduit le risque de la
mortalité de 25 % (Log-Rank test : p-val = 0,009) et 1'exposition au microbiote des huitres
donneuses a induit une réduction du risque de la mortalité de 28 % (Log-Rank test : p-val =
0,008). Face a l'infection a V. aestuarianus, seule 1'exposition au microbiote des huitres
donneuses a permis d'induire une réduction du risque de la mortalité de 28 % (Log-Rank test :
p-val = 0,006). Entre les différentes populations d'huitres, la population d'Arcachon est celle

présentant la meilleure survie et ce, quelle que soit I'exposition microbienne.

Des analyses moléculaires ont donc ét€ conduites sur ces trois conditions ayant conféré un effet
bénéfique pour la survie des huitres face a une infection a OsHV-1 ou V. aestuarianus. Les
analyses de métabarcoding 16S ont permis de démontrer que 1'exposition aux trois différentes
conditions avait induit des changements dans la communauté bactérienne des larves d'huitre.
Ces changements perdurent jusqu'aux stades juvéniles a l'exception des huitres exposées au
mélange d'Arcachon entre JO et J14 pf. La recherche des bactéries administrées dans les
mélanges dans les microbiotes des larves (2 jours apres la derniere administration) et chez les
juvéniles (8 mois apres I'administration) n'a permis de retrouver que dans le microbiote des
larves exposées au mélange d'Arcachon, et de facon minoritaire, des bactéries composant le
mélange d'Arcachon. Aucune des bactéries administrées n'est retrouvée chez les huitres

juvéniles.
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L'analyse RNAseq a permis, elle, de démontrer que I'expression des genes chez les huitres
exposées comparées aux contrdles était plus importante au niveau basale ("frontloading"). En
effet, le nombre de genes différentiellement exprimés (DEGs) chez les huitres exposées aux
microorganismes contre les huitres non exposées est plus important a t=0h qu'a t=3h de
lI'infection a OsHV-1. Le regroupement par profils d’expression permet d'observer que la
modification du transcriptome a la suite de 1'exposition aux microorganismes dépend du fond
génétique des huitres, mais qu'au sein d'une méme famille, cette réponse est différente en
fonction du type d'exposition microbienne. L'analyse d'enrichissement de fonctions réalisée a
partir de ces DEG a permis de démontrer que nos différentes expositions microbiennes avaient
induit une modulation de différentes fonctions de 1'immunité. De facon surprenante, les
populations qui présentaient le plus de fonctions immunomodulées n'étaient pas celles
présentant le meilleur phénotype de survie face aux différents pathogenes testés. L'analyse des
DEGs liés aux fonctions immunitaires dans la population d'Arcachon a permis de mettre en
évidence une surexpression de certains types de récepteurs (C-type lectine, C1q), d'un gene lié
a des fonctions antibactériennes et des genes liés aux fonctions antivirales, mais aussi une sous-
expression de genes liés a d'autres types de récepteurs (G-protein receptor, scavenger receptor),

a la dégradation des protéines et a la réponse aux dommages causés a ' ADN.

IV. Discussion / Conclusion

Au cours de cette étude, nous avons montré que l'exposition lors des stades larvaires a un
microbiote complet provenant d'huitres donneuses, ayant passé leur vie en conditions
controlées, permet d'induire un effet protecteur a long terme contre les infections a OsHV-1
uVar et Vibrio aestuarianus. L'exposition des larves a des mélanges multi-souches de bactéries
cultivables a également permis d'obtenir un effet protecteur contre l'infection a OsHV-1 uVar,
mais aucune protection contre V. aestuarianus n'a pu €tre mise en évidence. Un effet protecteur,
obtenu par une éducation microbienne, avait déja pu €tre mis en évidence chez des organismes
modeles tels que le Zebrafish (Galindo-Villegas et al. 2012), mais seule une étude avait mis en
évidence ce mécanisme chez les mollusques d'intérét aquacole (Fallet ez al. 2022). Nous avons
pu observer que les bactéries administrées par les mélanges de bactéries multi-souches ne
s'établissent pas dans le microbiote des larves et des huitres juvéniles. En revanche, I'exposition
aux microorganismes a induit des changements dans les communautés microbiennes des larves
et ces changements persistent jusqu'au stade juvénile. Nous avons également pu mettre en

évidence que l'exposition aux microorganismes avait affecté la réponse transcriptomique des
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huitres. Le nombre de genes différentiellement exprimés, entre les huitres exposées et les
huitres non exposées, est plus important avant que pendant l'infection a OsHV-1. Ce profil de
réponse semble correspondre a un profil de réponse maintenue ou "sustained immune response”
(Coustau et al. 2016; Melillo et al. 2018; Prigot-Maurice et al. 2022). En nous intéressant aux
genes liés aux fonctions immunitaires pour la population la plus résistante, nous avons constaté
que les genes surexprimés, chez les huitres exposées par rapport aux huitres contrdles, codent
pour des récepteurs de reconnaissance de motifs moléculaires (PRRs) et pour des fonctions liées
a I'immunité antibactérienne et antivirale. Enfin, nous avons pu observer que la réponse face a
I'exposition microbienne lors des stades larvaires dépendait du fond génétique des huitres, mais
aussi que la réponse au sein d'une méme population est différente en fonction de I'exposition
microbienne. De plus, aucun effet synergique n'a pu €tre obtenu grice a une association

sympatrique entre les microorganismes et les différentes populations d'huitres.

Cette étude révele le potentiel de 1'éducation microbienne pour une application dans les
écloseries d'huitres. Néanmoins, des améliorations sur les mélanges de bactéries multi-souches
pourraient également €tre réalisées (Dantan er al. 2023) afin de limiter leur impact sur la
viabilité des larves ou aussi pour essayer d'obtenir un effet protecteur contre les infections a V.
aestuarianus. De plus, des analyses plus approfondies seront nécessaires afin de déterminer
plus finement les mécanismes moléculaires associ€s aux résistances. Notamment, il serait
intéressant d'étudier I'i'mpact de l'exposition aux microorganismes testés dans cette étude sur
I'épigénome. Il serait également important de déterminer si les expositions microbiennes
réalisées dans le cadre de cette étude sont également capables d'induire un effet

transgénérationnel, comme cela a pu €tre démontré par (Fallet et al. 2022).
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Abstract

Recently, the frequency and severity of marine diseases have increased in association with
global changes, and molluscs of economic interest are particularly concerned. A striking
example of a devastating disease is the Pacific Oyster Mortality Syndrome (POMS) caused by
the Ostreid Herpesvirus-1 puVar (OsHV-1 puVar) that emerged in 2008 and which heavily
impacts Crassostrea gigas production worldwide by affecting juvenile oysters. Adult oysters
are also affected by infectious diseases, especially those caused by the bacterial pathogen Vibrio
aestuarianus. The present work aims at finding sustainable strategies to help fighting against
these infectious diseases. We propose to take profit of the beneficial effect of the natural oyster

microbiota to develop prophylactic methods to fight these infectious diseases. We performed
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an association study based on metabarcoding data from microbiota of resistant vs sensitive
oysters that allowed us to identify potential bacterial candidates correlated with oyster
resistance. Additionally, previous work has shown that oysters immune defences can be
stimulated by exposing them to microorganisms from the natural environment during their
larval development. Following these results, we have generated a collection of bacterial species
from disease resistant C. gigas and we have characterized their effect on the oysters by an
exposure during larval development. We have shown that it’s possible to enhance oyster
survival capacity by adding microbiota from donor oyster or mixes of bacteria during larval
stages. This bacterial exposure leads to changes in bacterial communities and immunity of the
oysters resulting to an improvement of the survival against OsHV-1 uVar and Vibrio
aestuarianus. These findings underline the major role played by the microbiota for oyster
immune protection and presented the great potential of microbial education for an applicational

use in oyster hatcheries.

Key words:

Crassostrea gigas; Holobiont; Microbial education; OsHV-1 uVar; Vibrio aestuarianus
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Introduction:

The Pacific oyster Crassostrea gigas is a verry important mollusc of aquaculture interest and
the most cultivated oyster species in world. However, the C. gigas production is strongly
compromised due to infectious diseases causing high mortalities every year (Friedman et al.
2005; Cotter et al. 2010; Pernet et al. 2012; Azéma et al. 2015). Two significant infections for
C. gigas oysters are the Pacific Oyster Mortality Syndrome (POMS) caused by the Ostreid
herpesvirus type 1 uVar (OsHV-1 pVar) and Vibriosis caused by an infection by Vibrio
aestuarianus. POMS is a multifactorial and polymicrobial disease which is influenced by biotic
and abiotic factor (Petton er al. 2021). Infection by OsHV1 is the first critical step in the
infectious process of POMS with leads to an immunocompromised state of the oyster by
altering haemocytes physiology (de Lorgeril et al. 2018a; Petton et al. 2021). This leads to a
dysbiosis of oyster microbiota and results in colonisation by opportunistic bacteria and death
of the oyster (de Lorgeril ef al. 2018a; King et al. 2019a; Petton et al. 2021). The mechanisms
behind the infection by V. aestuarianus are less known, but it has been shown that V.
aestuarianus produces extracellular compounds which contains virulence factors (Labreuche et
al. 2006, 2010). These extracellular compounds cause changes in morphology of oyster
haemocytes with lead to an immunosuppression of the haemocytes and allow V. aestuarianus

to colonise the oyster and kill it (Labreuche et al. 2006, 2010).

In order to prevent these infectious diseases, several approaches based on the use of micro-
organisms have been developed. Among them, the use of probiotics and bacteriophages (Pérez-
Sanchez et al. 2018) but these methods show limitations especially in their use in oyster farming
which is practiced in open environments. The microbial education concept, which is the
possibility to educate the host immune system by an exposure to non-harmful microorganisms
during the immune system ontogenesis, could represent a great alternative to the traditional
approaches. This strategy provides great advantages. In addition to conferring a protective
effect for the oysters, its implementation during the larval rearing stages, allows to expose the
oyster larvae to bacteria while remaining in a closed environment. This allows to treat the water
enriched in microorganisms before releasing it and thus limit the impact on the environment.
Numerous studies have shown that the microbiota play an important role in the development of
host immune responses (Chung et al. 2012; Abt and Artis 2013; Sommer and Bickhed 2013).
Several studies also have shown that a higher microbiota diversity is correlated with the health
status of the host in both crustaceans and molluscs (Cicala et al. 2018, 2022; Holt et al. 2020;

Fallet et al. 2022; Zhang and Sun 2022). From this perspective, Fallet and colleagues decided
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to use the microbiota to educate the immune system of C. gigas. In order to do this, they exposed
during ten days C. gigas larvae to a whole microbiota from donor oysters. Prior to exposure
donor oysters were placed in oyster farming area during a non-infectious period to allowing
them to capture the maximum diversity of microorganisms. This bacterial exposure during the
larval stages induced a long-term effect. Indeed, juvenile oysters exposed during the larval
stages showed during an experimental infection to OsHV-1 uVar, a diminution of the
proliferation of the virus resulting to a better survival compared to non-exposed oysters.
Microbiota exposed oysters also presented a modulation of genes implicated in immunity
showing that an exposure to a rich microbial environment improved the oyster’s immune
competence (Fallet et al. 2022). Hence, this study demonstrated the important involvement of
the microbiota in the education of the immune system of oysters and show that microbial
education may therefore have potential applications in hatcheries. However, the use of non-
controlled bacteria community coming from the field could represent a risk of exposing oysters
to pathogens or opportunistic microorganisms. This is why, it was suggested that the use of
oysters always kept in controlled environments as donor of microbiota, could be a safer
alternative for application in hatcheries since it would prevent the spread of pathogens (Azéma

et al. 2017; Dégremont et al. 2021).

To go further in the perspective of application, we investigated whether exposure during the
larval stages to a whole microbiota from donor oysters always maintained in a controlled,
pathogen-free environment can have a beneficial effect against OsHV-1 puVar and Vibrio
aestuarianus infections and we examined the impact of this exposure on the immunity and the
microbiota of oysters. We also investigated if it was possible to perform a microbial education
by exposing oyster larvae to a reduced bacterial community composed of cultivable bacteria.
For this purpose, we have developed and tested five multi-strain bacterial mixes containing
cultivable bacteria coming from the same geographical areas as the oyster populations used in
this study. We realized our different assay on four different oyster populations coming from
Atlantic Ocean (Brest, Marennes-Oleron and Arcachon bays) and Mediterranean Sea (Thau
lagoon). In this way, we were also able to study whether if bacterial exposure has a different
effect depending on the oyster populations but also whether if a sympatric association between
the bacteria used in the mixes and the oyster could provide a greater beneficial effect in the

resistance to infectious diseases.

75



Chapitre 1 : Role de I’éducation microbienne

Materials and methods:

Isolation of cultivable bacteria from Crassostrea gigas

Oysters sampling was performed along the French Atlantic coast and Mediterranean Sea during
two different sampling campaigns (in February 2020 and November 2020). For the Atlantic
coast, 3 sites were selected: the Brest bay (Brittany, France) (lat 48.3349572; long -4.3189134),
the Marennes-Oleron bay (Nouvelle-Aquitaine, France) (lat 45.8029675; long -1.1534223) and
the Arcachon bay (Nouvelle-Aquitaine, France) (lat 44.6813750; long -1.1402178). For the
Mediterranean Sea, the selected site was the Thau lagoon (Occitanie, France) (lat 43.39404;
long 3.58092). For each site, 5 oysters aged 12 to 18 months (average weight = 2.5 g) were
randomly sampled. Hence, the sampled oysters had survived an annual infectious episode of
POMS allowing us to assume that the sampled oysters were resistant to the disease. Two
sampling campaigns were performed, in February 2020 and in November 2020 except for the
Thau lagoon site for which oysters were only collected in November 2020 due to covid
restriction arisen earlier in the year. Bacteria associated to these oysters were then isolated as

explained below.

The five oysters sampled on each site were carefully brushed and washed to remove the residues
present on the shell. The flesh of the animals was then individually crushed with an Ultraturax
T25 mixer (5 x 5 sec) in 15ml falcon tubes. The homogenized tissues were then diluted at 1:10
1:100 and 1:1000. 100 pL of each dilution were spread on 2 Marine Agar (MA) (Marine Agar
Difco 2216) petri dishes and incubated at 15°C or 20°C.

After a minimum incubation period of 3 days, bacterial colonies were selected according to
their morphotypes. A maximum of different morphotypes were selected to maximise the
biodiversity in our sampling and isolated by streaking a colony on a new MA plate and purified
by two successive subculturing. Then, the pure cultures of individual bacteria were transferred
onto Marine Broth (MB) tube (Marine Broth Difco 2216) a 15°C or 20°C. After 48h of growth,
500 pL of these cultures was used for cryopreservation in 35% glycerol (V/V) and put into a -

80°C freezer. About 1 ml of the liquid culture was pelleted for further DNA extraction.
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Identification of the cultivable bacteria

DNA extraction of the bacterial strains isolated from oysters and cultivated on agar plates was
carried with the Wizard® Genomic DNA Purification Kit (Promega) according to the
manufacturer instructions. 16S rRNA gene sequencing was performed on these samples to
identify each bacteria from the collection. The PCR and 16S rRNA gene sequencing was
performed by the Genoscreen sequencing facilities (http://www.genoscreen.fr/fr/). Briefly, two
pairs of primers P8/PC535 (P8 5-AGAGTTTGATCCTGGCTCAG ; PC535 5'-
GTATTACCGCGGCTGCTGGCAC) and 338F/1040R (338F 5'-CTCCTACGGGAGGCAG ;
1040R 5'-GACACGAGCTGACGACA) were used for the PCR to amplify the V1-V3 and V3-
V5 of the 16S rDNA. PCR products were then purified with Sephadex-G50 gel (GE Healthcare)
before analysis into ABI 3730XL capillary sequencer. The resulting sequences were then
assembled by using the DNA baser sequence assembly software (v4) (Heracle BioSoft,
www.DnaBaser.com) and then added in the EZbiocloud database (Yoon et al. 2017) in order

to identify the taxonomy of the isolated bacteria composing the collection.

Larval cytotoxic effect

Larvae aged of 24 hours (stage D) were put into three ml of sterile sea water at a density of 10
larva per millilitre. A concentration of 10’ CFU/ml of each bacterial strains were administered
to larvae (Multiplicity of infection = 10° bacteria per larvae) and the larvae were maintained at
a temperature of 20°C and a 12h:12h day:night photoperiod. All the bacteria were tested in

duplicate. The mortalities were then recorded during two days.

Multi-strain bacterial mixes preparation for interaction with oysters

Five multi-strain bacterial mixes were tested: Four site-specific multi-strain bacterial mixes was
made up from bacteria isolated from oysters sampled at each geographical site (Brest mix, La
Tremblade mix, Arcachon mix and Thau mix) and a multi-site bacterial mix was made up from
bacteria isolated from oysters sampled on all the site was generated. The bacteria were cultured
from glycerol stock in 10 ml of Marine Broth (MB) for 24h at 20°C and then, 1 ml of each
bacterial culture was inoculated into 50ml fresh MB media and incubated at 20°C. After 48
hours of incubation, the ODesoo was measured, and a quantity of 3.10® CFU was collected and
pooled into a same mix for each cultivated bacterium. The mixes were then centrifuged at 4000

rpm for 2 minutes and the supernatant was discarded. The pellets were then resuspended in 10
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ml sterile sea water and added immediately to 30L larval rearing tanks to a final concentration

of 10* CFU/ml for each bacterium.

Oyster reproduction

150 wild oysters were randomly sampled from each geographic site as described for the
bacterial collection (Brest bay, Marennes-Oleron bay, Arcachon bay, Thau lagoon) in order to
generate 4 oyster populations (Brest, La Tremblade, Arcachon and Thau population). For this
purpose, 20 to 23 genitors were randomly selected for each site and their gender was determined
(Table 1). Spermatozoa of the males and oocytes of the females were collected from each
animal by stripping the gonad. Spermatozoa from males were collected individually while
oocytes from females were pooled. The oocytes were then mixed with the spermatozoa for
fertilization. The number of fertilised oocytes was then counted to determine the hatching rate
(supplementary Table x). Three to one million fertilised oocytes were then added into 30 L
conical tanks in a batch system at 28°C in filtered and UV-treated seawater (100 to 34 larvae
per ml between day O and day 2, 10 larvae per ml between day 2 and day 7, 3 larvae per ml
after day 7).

Table 1: Number of genitors (females and males) for the four oyster population.

La

Oyster Population Brest Tremblade Arcachon  Thau
Female 15 13 17 14
Male 5 10 3 6

Exposure of oyster larvae with microorganisms

Oyster larvae were exposed either to multi-strain bacterial mixes or to a whole natural
microbiota coming from healthy donor oysters (Microbiota-Exposed = ME) This
microorganism community was introduced thanks to donor oysters of microbiota which were
placed into the rearing tanks. Oyster donors of microbiota were NSI (Naissains Standardisés
Ifremer, standardized Ifremer spats) which were always kept in controlled facilities using UV -
treated seawater, strict biosecurity zoning and management procedures. In this way, the oysters

were shown to be devoid of the three main pathogens of C. gigas from larvae to juveniles
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(Azéma et al. 2017; Dégremont et al. 2021). The microorganisms were added to the larvae
either 4 hours post fertilization until day 14 pf (post fertilisation) or from day 7 pf to day 14 pf
(Figure 1). The bacterial mixes and the pool of microbiota from donor oysters were renewed
at the same time as the seawater including the food was changed at day 2, day 4, day 7, day 9
and day 11 (Figure 1). The larvae were fed with cultured phytoplankton (Isochrysis galbana,
Tetraselmis suecica and Skeletonema costatum). The water changes at day 14 was performed
without addition of the bacterial mixes. In this sense, the microbial exposure ended up at day

14.

Larval survival during the bacterial exposure was determined by counting the larvae either at
days 2, 7, 18 and 25 for oysters exposed from day O pf to day 14 pf or at day 18 and 25 for
oysters exposed from day 7 pf to day 14 pf. The impact on the growth was measured at days 2,
7 and 11 for oysters exposed from day O pf to day 14 pf or at day 11 for oysters exposed from
day 7 pf to day 14 pf by measuring the ferret diameter of larvae using image analysis technique
with Image] software (Schneider et al. 2012). Larvae were sampled either at days 7 pf and at
day 14 pf for subsequent molecular analysis. After the rearing steps, only one replicate was kept

to perform the experimental infections.

All oyster populations were kept in controlled facilities of La Tremblade using UV-treated

seawater until experimental infections by OsHV-1 or V. aestuarianus.
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Figure 1: Overall experimental design for larval microbial exposure and experimental infections.
Multiparental reproduction was performed for the four oyster populations and the larvae were placed in
30L jars specific to each population. Three hours post fecundation (pf), larvae were exposed to
microbiota from donor oysters (ME-exposed) or to the five different multi-strains bacterial mixes (Brest
mix, La Tremblade mix, Arcachon mix, Thau mix and Multi-site mix). This microorganism exposure
was renewed every 2 days and lasted for 14 days. In parallel, exposure to three multi-strains bacterial
mixes (Brest mix, La Tremblade mix and Multi-site mix) was performed on later stages between D7 and
D14 pf. During the larval stages, rearing water and larvae were sampled at days 2, 7, 11, 14, 18 and 25
pf to perform growth and mortality monitoring, or to perform molecular analysis. After the larval rearing
stages, spat were left to grow and on day 213 pf (approximatively 8 month), a first cohort was used to
carry out an experimental infection to OsHV-1 and at day 352 pf (approximatively one year) a second
cohort was used to perform a V. aestuarianus experimental infection.
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OsHV-1 pVar experimental infection by cohabitation

OsHV-1 experimental infection was performed at the juvenile stage on control or
microorganisms exposed oysters. The oysters were seven months old, and the mean individual
weight was 2.80 g. For this purpose, we used a randomized complete block design composed
of five tanks (replicates) of 50 L filled with filtered and UV-treated seawater and maintained at
20 °C with adequate aeration. Each tank contained 13 oysters of each population exposed to
each condition (total: 420 oysters per tanks) (Figure 2). A cohabitation protocol was used as
previously described (Schikorski et al. 2011). This approach starts with the injection of OsHV-
1 suspension into pathogen free oysters that will develop the disease and that will then be used
as donor oysters of OsHV-1. This protocol allows for pathogen transmission through the natural
infectious route to oysters of interest (recipient oysters). The OsHV-1 donor oyster pool was
composed of 25% of F15 family oysters, 25% of F14 family oysters which are POMS
susceptible oysters (de Lorgeril et al. 2018a) and 50% of genetically diversified NSI oysters.
The ratio between OsHV-1 donor and recipient oysters was 1 donor oyster for 1 recipient oyster.
The OsHV-1 donor oysters were infected by intramuscularly injection of 100 uL of OsHV-1
suspension (10° OsHV-1 genomic units). These viral suspensions were prepared as previously
described (Schikorski et al. 2011). Immediately after OsHV-1 injection into donors, recipient
and donor oysters were equally distributed in each of the five experimental tanks. After 48 hours

of cohabitation, all OsHV-1 injected donor oysters were removed from the tanks.

In each tank, one oyster of each population exposed to each condition was sampled before the
experimental infection (t=0h infection) and three hours post contact with OsHV-1 uVar donor
oysters (t=3h infection) to perform molecular analysis. Sampled oysters were grounded in liquid
nitrogen (Retsch MM400 mill) to a powder that was stored at -80°C and then used for DNA
and RNA extraction.

The mortality was recorded during eight days. Each day the number of dead recipient oysters
was recorded, and all the dead oysters were removed from the tanks.
During the mortality monitoring, 1 mL of water in each tank were sampled every day for the

detection and the quantification of OsHV-1 pVar.
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Figure 2: Experimental design for OsHV-1 experimental infection. Prior to OsHV-1 infection (t = Oh),
twelves oysters of each population exposed to each microorganism exposure conditions were put in a
50L tank filled with filtered and UV-treated seawater and maintained at 20 °C with adequate aeration.
One oyster of each population exposed to each microorganism exposure conditions was sampled. Three
hours after the beginning of the OsHV-1 infection (t = 3h post infection) another sampling of one oyster
of each population exposed to each microorganism exposure conditions was realised. The oysters
sampled at t = Oh and t = 3h post infection were grounded in liquid nitrogen to a powder that was stored
at -80°C and then used for DNA and RNA extraction. After the last sampling, the experimental infection

continued, and a mortality monitoring was performed during height day.
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Vibrio aestuarianus experimental infection by cohabitation

Vibrio aestuarianus experimental infection was performed on adult oysters either control or
microorganisms exposed (twelve-month-old ; mean individual weight = 9.42g) with the
protocol previously described in (De Decker and Saulnier 2011). A randomized complete block
design composed of five 100L replicate tanks filled with filtered and UV-treated seawater and
maintained at 20°C with adequate aeration and without added food were used. Each tank
contained 10 oysters of each population exposed to each condition (total: 350 oysters per tanks).
The V. aestuarianus 02/041 was grown in Zobell medium at 22°C for 24h under agitation. The
bacterial concentration was determined by spectrometry at 600nm and adjusted to an optical
density (ODgoo) of 1 representing 5.107 bacteria per mL. V. aestuarianus donor oysters were
injected in the adductor muscle with 100uL of the V. aestuarianus 02/041 suspension and were
then equally distributed among the five tanks. The V. aestuarianus donor oyster population was
composed of a mix of the four oyster populations created for this project (Brest, La Tremblade,
Arcachon and Thau population). Immediately after V. aestuarianus injection into donors,
recipient oysters were added to the five tanks containing the recipient oysters. A ratio of 1 V.
aestuarianus donor oyster for 1.5 recipient oyster was used. After 48 hours of cohabitation, V.

aestuarianus donor oysters were removed from the tanks.

The mortality was recorded during 15 days by counting the dead oyster every day, and all the
dead oysters were removed from the tanks. During the mortality monitoring, 1 mL of water in

each tank were sampled every day for the detection and the quantification of V. aestuarianus.

Statistical Analysis of oyster mortality

Mortality recorded for oyster according to the different multi-strain bacterial mixes exposure
was compared using survival analysis performed on R (v 4.2.1) (R Core Team 2022) with the
package survminer (v 0.4.9) (https://cran.r-project.org/web/packages/survminer/index.html).
The Kaplan-Meier method was used to represent the cumulative survival rate and log-rank test
was used to determine the difference between the conditions (supplementary files). A
multivariate Cox proportional hazards regression model was used to compute Hazard-Ratio

(HR) with confidence intervals of 95%.
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Oysters and water Genomic DNA extraction and sequencing

DNA extraction from larvae collected during bacterial exposure was extracted with DNA from
the tissue Macherey-Nagel kit according to the manufacturer’s protocol. Prior to 90 min of
enzymatic lysis in the presence of proteinase K, an additional mechanical lysis was performed
by vortexing samples with zirconia/silica beads (BioSpec). DNA extraction from oyster tissues
collected during bacterial exposure was extracted with DNA from the tissue Macherey-Nagel
kit according to the manufacturer’s protocol. Prior to 90 min of enzymatic lysis in the presence
of proteinase K, an additional 12-min mechanical lysis (Retsch MM400 mill) was performed
with zirconia/silica beads (BioSpec). DNA extraction from water collected during micro-
organisms exposure and experimental infections was extracted with DNA from the tissue
Macherey-Nagel kit following the manufacturer support protocol for genomic DNA and viral

DNA from blood sample.

DNA concentration and purity were checked with a Nanodrop ND-1000 spectrometer (Thermo

Scientific).

qPCR analysis

Detection and quantification of OsHV-1 uVar and V. aestuarianus was performed by real-time
quantitative PCRAIl amplification reactions were performed on Roche LightCycler® 480 Real-
Time thermocycler. Each reaction was carried out in triplicate in a total volume of 10 pL
containing the DNA sample (2.5 uL), 5 uL of Takyon™ SYBER MasterMix blue dTTP
(Eurogentec, ref UF-NSMT-B0701) and 1 pL at 500 nM of each primers for OsHV-1 puVar
(OsHVDPFor5’-ATTGATGATGTGGATAATCTGTG and OsHVDPFor 5-
GGTAAATACCATTGGTCTTGTTCC) (Webb et al. 2007) and for V. aestuarianus (DNAj-F
5'-GTATGAAATTTTAACTGACCCACAA and DNAj-R 5'-
CAATTTCTTTCGAACAACCAC) (Saulnier et al. 2009). gPCR cycling conditions were as
follows: 3 min at 95°C, followed by 45 cycles of amplification at 95°C for 10 s, 60°C for 20 s,
and 72°C for 30s. After these PCR cycles a melting temperature curve of the amplicon was
generated to verify the specificity of the amplification. The DNA polymerase catalytic subunit
amplification product cloned into the pCR4-TOPO vector was used as a standard at 10-fold
dilutions ranging from 10° to 10'° copies/mL for OsHV-1 quantification and genomic DNA

from V. aestuarianus ranging from 10 to 107 copies/mL for V. aestuarianus quantification.
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Absolute quantification of OsHV-1 or V. aestuarianus was calculated by comparing the

observed Cp values to standard curve.

16S rDNA library construction and sequencing

Library construction (with primers 341F 5’-CCTAYGGGRBGCASCAG and 806R 5’-
GGACTACNNGGGTATCTAAT for the 16S V3V4 region) and sequencing on a MiSeq v2
(2x250 bp) were performed by ADNid (France).

RNA extraction and sequencing

RNA was extracted by using the Direct-Zol RNA miniprep kit (Zymo Research; ref: R2052)
according to the manufacturer’s protocol. RNA concentration and purity were checked using a
Nanodrop DN-1000 spectrometer (Thermo Scientific), and their integrity was analysed by
capillary electrophoresis on a BioAnalyzer 2100 (Agilent).

RNAseq library construction and sequencing

RNA-Seq library construction and sequencing were performed by the Bioenvironment Platform
(University of Perpignan, France). Stranded libraries were constructed from 500 ng of total
RNA using NEBNext Ultrall and sequenced on a NextSeq550 instrument (illumina) in single-
end reads of 75 bp.

Bioinformatic pipelines for 16S barcoding analysis

Previously published barcoding datasets (de Lorgeril et al. 2018a; King et al. 2019b; Clerissi
et al. 2020, 2022; Fallet et al. 2022) from 687 POMS-resistant and 664 POMS-sensitive oysters
were re-analysed in this study in order to predict bacteria which were potentially associated
with oyster POMS resistant phenotypes. Datasets used for these analyses are indicated in table
2. These datasets were individually analysed under the Toulouse galaxy instance (https://vm-
galaxy-prod.toulouse.inra.fr/) (Goecks et al. 2010) with the Find Rapidly OTU with Galaxy
Solution (FROGS) pipeline (Escudié et al. 2018). In brief, paired reads were merged using
FLASH (Mago¢ and Salzberg 2011). After denoising and primer/ adapter removal with
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cutadapt (Martin 2011), clustering was performed using SWARM (Mahé et al. 2014), which
uses a novel clustering algorithm with a threshold (distance = 3) corresponding to the maximum
number of differences between two OTUs. Chimeras were removed using VSEARCH (Rognes
et al. 2016). We filtered out the data set for singletons and performed an affiliation using Blast
against the Silva 16S rDNA database (release 132_pintail100) to produce an OTU and
affiliation tables. In order to identify bacterial taxa which were significantly overrepresented in
the microbial community associated to POMS resistant compared to POMS sensitive oysters,
the “LDA Effect Size” (LEfSe) method (Segata ef al. 2011) was used with a normalized relative
abundance matrix. This method uses a Kruskal-Wallis followed by Wilcoxon tests (pval <0.05)
and then performs a linear discriminant analysis (LDA) and evaluate the effect size. The taxa
with a LDA score greater than 2.0 were considered as significantly enriched in POMS resistant

compared to sensitive oysters.

Table 2: Details of metabarcoding samples used for in silico prediction of bacteria associated with
POMS-resistant oysters.

Number of samples Type of Origin Targeted 16S  Developmental References
samples rDNA region stages of the
Total Resistant Sensitive oysters
(de Lorgeril er
567 324 243
al. 2018a)
Pool of 10 oysters | (L —
273 147 126 France (Atlantic Juvenile (Clerissi et al
Ocean and 2022)
: V3-va Clorissi eral.
195 83 12 Individual Mediterranean '
Sea) 2020)
108 54 54 Pool of 10000 to (Fallet et al.
Larvae
108 54 54 20000 larvae 2022)
Australia (New . (King et al.
100 25 75 Individual V1-V3 Juvenile
South Wales) 2019a)

Sequencing data obtained in this study from the probiotic experiment on oysters were processed
with the SAMBA (v 3.0.2) workflow developed by the SeBiMER (Ifremer’s Bioinformatics
Core Facility). Briefly, Amplicon Sequence Variants (ASV) were constructed with DADA2
(Callahan et al. 2016) and the QIIME2 dbOTU3 (v 2020.2) tools (Bolyen et al. 2019), then,
contaminations were removed with microDecon (v 1.0.2) (McKnight et al. 2019). Taxonomic
assignment of ASVs was performed using a Bayesian classifier trained with the Silva database

v.138 using the QIIME feature classifier (Wang et al. 2007). Finally, community analysis and
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statistics were performed on R (R version 4.2.1) (R Core Team 2022) using the packages
phyloseq (v 1.40.0) (McMurdie and Holmes 2013) and Vegan (v 2.6-4) (Oksanen et al. 2022).

Unique and overlapping ASVs of each sample group were plotted by using the UpsetR package
(v 1.4.0) (Conway et al. 2017). For beta-diversity, the ASVs counts were preliminary
normalized with the “rarefy even_depth” function (rngseed = 711) from the package phyloseq
(v 1.40.0) McMurdie and Holmes 2013). Principal Coordinates Analysis (PcoA) were
computed to represent dissimilarities between the samples using the Bray-Curtis distance
matrix. Differences between groups were assessed by statistical analyses (Permutational
Multivariate Analysis of Variance) using the adonis2 function implemented in vegan (Oksanen

et al. 2022).

In order to search for the presence of the bacteria used in the multi-strain bacterial mixes, 16S
DNA obtained for the identifications of the bacteria composing the multi-strain bacterial mixes
were compared by BLAST (Altschul ef al. 1990) search for similarity against all the ASVs
sequence from the dataset. A mock community composed of equal amounts of DNA from the
bacteria composing the multi-strain bacterial mixes was also used for the comparison with the
ASVs sequence in order to confirm the method. Then, ASVs sequences with a percentage of

identity superior to 99% were searched in the different samples.

Bioinformatic pipeline for RNA-Seq analysis

All data treatments were carried out under a local galaxy instance (http://bioinfo.univ-perp.fr)
(Goecks et al. 2010). Reads quality was checked with FastQC (Babraham Bioinformatics) with
standard parameters (Galaxy Version 0.72). Adapters were removed by using Trim Galore
(Galaxy Version 0.6.3) (Babraham Bioinformatics). Reads were mapped on C. gigas genome
(assembly cgigas_uk_roslin_v1) using RNA STAR (Galaxy Version 2.7.8a) and HTSeq-count
(Anders et al. 2015) was used to count the number of reads overlapping annotated genes (mode
Union) (Galaxy Version 0.9.1). The differential gene expression levels were analysed with the
DESeq?2 R package (v 1.36.0) (Love et al. 2014). Finally, Rank-based Gene Ontology Analysis
(RBGOA) was performed using adaptive clustering and a rank-based statistical test (Mann—
Whitney U-test combined with adaptive clustering) with the following parameters: largest =
0.5; smallest = 10; clusterCutHeight = 0.25. The signed “-Log(adj pval)” (obtened from the
DESeq?2 analysis) was used as an input for the RBGOA analysis. The R and Perl scripts used
can be downloaded [https://github.com/z0on/GO_MWU] (Wright et al. 2015).
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Results:

23 bacterial strains with potential beneficial effects were selected to generate the multi

strain bacterial mixes.

To isolate bacteria with potential beneficial effects against oyster infectious disease, we
reasoned that bacteria should be isolated from disease resistant oysters. For this purpose, wild
oysters aged between 12 and 18 months were sampled closed to farming areas. Oysters located
in these areas are submitted to high pathogen pressure and have been shown to be more resistant
to POMS disease (Gawra et al. 2023). To maximise the biodiversity of the bacterial collection,
oysters were sampled from 4 geographical sites at two different seasons. 334 bacteria were
isolated from which 166 bacteria were obtained from the February 2020 sampling campaign,
and 168 bacteria were obtained from the November 2020 sampling campaign. 97, 144, 56, and
67 bacteria were isolated from Brest, La Tremblade, Arcachon, and Thau sites, respectively.
They were named according to the sampling site (“ARG” for Brest, “LTB” for La Tremblade,
“ARC” for Arcachon and “THAU” for Thau) followed by the number of the isolate. The 16S
rDNA was obtained for 293 strains. The identified bacteria were divided into the following
phyla: Proteobacteria (62.8%), Firmicutes (15.3%), Bacteroidetes (12.3%) and Actinobacteria
(9.6%) (Figure 3). The three major genera found were Vibrio, Bacillus and Shewanella (Figure
3). The majority of the isolated species were found in common in all the different sites, except
for Halomonas and Ruegeria which were specifically isolated from the La Tremblade and Thau

site respectively.
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Figure 3: Phylogenetic tree of the bacteria composing the collection of bacteria isolated from POMS-
resistant oyster sampled in the Brest bay (pink), the Marennes-Oleron bay (yellow), the Arcachon bay
(brown) and the Thau lagoon (grey). The collection is composed by 62.8% of Proteobacteria (different
shades of blue), 15.3% of Firmicutes (orange), 12.3% of Bacteroidetes (green) and 9.6% of
Actinobacteria (salmon).

In parallel, in silico correlation analysis was performed to predict bacteria preferentially
associated with resistant or sensitive oysters. This LefSE analysis was performed based on
previously published barcoding datasets which describes the bacterial part of the microbiota
community isolated from 687 POMS-resistant and 664 POMS-sensitive oysters. Based on this
analysis, 118 bacterial genera were shown as preferentially associated with POMS-resistant
oysters. By combining the data obtained from the predictive in silico analysis and data from the
scientific literature about bacteria shown to be beneficial in an aquaculture context (Rengpipat
et al. 2000; Zhang et al. 2009; Kesarcodi-Watson et al. 2012; Touraki et al. 2012; Sun et al.
2013; Guzman-Villanueva et al. 2014; Yan et al. 2014; Reda and Selim 2015; Tan et al. 2016;
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Chauhan et al. 2017; Makled et al. 2017; Lv et al. 2019), we selected 12, 17, 10 and eight
bacteria for the Brest, La Tremblade, Arcachon and Thau sites respectively (Table 3). These
bacterial strains were then tested for their cytotoxic effects on 2 days old larvae. The most
cytotoxic bacteria were discarded. Based on these results, we kept five, seven, five and five
site-specific bacteria to create the Brest, La Tremblade, Arcachon and Thau multi-strain
bacterial mixes respectively (Table 3). A fifth multi-site bacterial mix was created from bacteria
isolated from oysters sampled on all sites. For this purpose, seven different bacteria were chosen
because they displayed the least cytotoxic effects on larvae (Table 3). Altogether, four site-
specific and one multi-site multi-strain bacterial mixes were designed to test their potential

beneficial properties on oyster health.
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Table 3: Details of bacterial selection steps for the creation of multi-strain bacterial mixes.

Environment

Collection of bacteria

Nb. of bacteria in Nb. of

the collection

genera

Nb. of genera
selected for cytotoxic
assay on larvae

Nb. of bacteria
selected after
cytotoxical assay

Multi-strain bacterial mixes

Names Strains

Brest

97

40

12

Shewanella sp. ARG21
Marinibacterium sp. ARG39
Brest Mix Shewanella sp. ARG89
Shewanella sp. ARG96
Shewanella sp. ARG129

La Tremblade

144

45

17

Halomonas sp. LTB66
Neptunomonas sp. LTB74
Psychrobacter sp. LTB83
La Tremblade Mix Paracoccus sp. LTB95
Halomonas sp. LTB102
Cobetia sp. LTB109
Sulfitobacter sp. LTB127

Arcachon

56

26

10

Shewanella sp. ARC21
Bacillus sp. ARC34
Arcachon Mix Colwellia sp. ARC55
Neptunomonas sp. ARC59
Tenacibaculum sp. ARC64

Thau

67

18

Shewanella sp. THAUS
Paracoccus sp. THAU19
Thau Mix Ruegeria sp. THAU28
Shewanella sp. THAU34
Paracoccus sp. THAU46

Marinibacterium sp. ARG39
Shewanella sp. ARG89
Halomonas sp. LTB57
Multi-site Mix Cobetia sp. LTB109
Neptunomonas sp. ARC59
Paracoccus sp. THAU19
Paracoccus sp. THAU46
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Multi-strain bacterial mixes displayed contrasted effect on larval development.

The multi-strain bacterial mixes were added to four different oyster populations during the
larval rearing. The four populations were the sympatric oysters from which the bacteria were
isolated (i.e., Brest, La Tremblade, Arcachon and Thau). An exposure with a whole microbiota
community coming from healthy hatchery donor oysters was also performed (ME-exposure).
This oysters were shown to be devoided of the three main pathogens of C. gigas from larvae to
juveniles (Azéma et al. 2017; Dégremont et al. 2021). Bacterial mixes were added either 3h
after fertilisation during 14 days (DO to D14) or seven days after fertilisation during seven days
(D7 to D14) (Figure 1). The survival ratio (survival percent of bacteria-exposed larvae
compared to control larvae) can be divided into three clusters (Figure 4) (Additional table:
Effects on larvae). The first cluster is composed of Thau mix administered between DO and
D14 pf and the three mixes administrated lately between D7 and D14 pf (Brest mix D7-D14,
La Tremblade mix D7-D14 and Multi-site mix D7-D14). In this first cluster, the bacterial
exposure has induced no or moderate mortality during the larval rearing with a mean survival
percent of the four populations compared to the control at D25 pf of 90.3% for Thau mix DO-
D14 and 98.9, 70.5 and 73% for Brest mix D7-D14, La Tremblade mix D7-D14 and Multi-site
mix D7-D14 respectively. The second cluster, composed of Arcachon mix DO-D14 and ME-
exposed oysters DO-D14, induced mortality during the larval rearing but to a lesser extend (49%
and 38.8% mean survival at D25 pf compared to control for Arcachon mix DO-D14 and ME-
exposed respectively). Finally, the third cluster, composed of Brest mix D0O-D14, La Tremblade
mix DO-D14 and Multi-site mix DO-D14, is the one where the bacterial exposure has induced

severe mortality during larval rearing (Figure 4).

The different oyster populations displayed different levels of survival: the La Tremblade
population was the less sensitive to the bacterial exposure (66.4% mean survival at D25 pf,
compared to control and all treatment confounded), The Brest population was the most sensitive
(32.8% mean survival at D25 pf, compared to control and all treatment confounded) and the
two other populations displayed intermediate levels of survival (53.3 and 55.5% mean survival
at D25pf, compared to control and all treatment confounded for Arcachon and Thau
population)(Figure 4). The growth ratio did not reveal many differences between the different
bacterial exposures and between the different oyster populations) meaning that the bacterial

exposure does not affect the growth of oyster larvae (Figure 4).
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Overall, microorganism exposure during larval rearing stages displayed contrasted effects on
larval survival which relies on oyster genetic background and, also on the bacterial content of

the microorganism exposure. Larval growth is not affected by the microorganism exposure.

Microorganism exposure
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Figure 4: Effects of the microorganism exposure on the survival and growth of larvae from the four
oyster populations at different times of the larval rearing stages. The upper part of the heatmap show the
survival (in percent) of the larvae exposed to microorganism compared to the control condition and the
lower part show the growth (in percent) of the larvae exposed to microorganism compared to the control
condition. Black boxes (NA) correspond to conditions where sampling could not be carried out because

all the larvae were dead.
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Long term oyster resistance to POMS disease relies on bacterial mix composition and

oyster genetic background.

To test whether exposure of oyster larvae to each of the microorganism exposure can produce
long-term effect on their resistance to POMS disease, each oyster population (exposed and
control) were challenged with OsHV-1 infection during juvenile stages. A significant reduction
of the mortality risk of 21% (Log-rank test: pval = 0.038) and 25% (Log-rank test: pval = 0.009)
was observed in the oysters (all populations combined) exposed to the Arcachon mix (exposure
from DO to D14 pf) and the La Tremblade mix (exposure from D7 to D14 pf) (Figure 5).
Furthermore, for the ME-exposed oysters the mortality risk was reduced by 28% (LLog-rank
test: pval = 0.008) as we had previously observed (Fallet er al. 2022) (Figure 5). These
significant results were confirmed by the Kaplan-Meier curves which reports the temporal
dynamics of the survival rate. We observed that the mortality started 3 days after the POMS
disease induction and differences between the control and microorganisms-exposed sample
appeared as soon as mortality started for oysters exposed to the Arcachon mix (DO to D14 pf),
La Tremblade mix (D7 to D14 pf) and, ME-exposed oysters (DO to D14 pf) (Log-rank test: pval
=(.032, pval = 0.0029 and pval = 0.01 respectively). The beneficial effect in response to each
of these mixes depends on the genetic background since each oyster population displayed

specific phenotype.

The Arcachon population showed the best reduction in mortality during OsHv1 infection
regardless of the bacterial exposure conditions during the larval stages. The effect of the
bacterial exposure was intermediate on La Tremblade oyster population and less pronounced

on Brest and Thau populations.

In summary, larval exposure to bacterial mixes or ME-exposure conferred a beneficial effect
on the survival of the oyster against OshV-1. No preferential beneficial effect was nevertheless

observed when the oysters were exposed to their sympatric bacterial strains.
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Hazard-Ratio for experimental OsHV-1 pVar infection of juvenil oysters exposed at the larval stage
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Figure 5: Forest plot representing the Hazard-Ratio value of mortality risk during the OsHV-1
experimental infection for oysters (All populations confounded) exposed to microorganisms compared
to control oysters. The numbers in brackets under the different conditions correspond to the number of
oysters used in condition during the experimental infection. The Hazard-Ratio value is indicated to the
right of the conditions, except for the control condition, which is indicated as reference. Finally, the
value of the p-value is indicated on the right-hand side of each row.

Larval exposure to whole microorganism community significantly reduced the mortality

of adult oysters during infection with Vibrio aestuarianus.

To test whether exposure of oyster larvae to each of microorganism exposure can produce long-
term impact on their resistance to Vibriosis, oysters (exposed and control) were challenged with
a Vibrio aestuarianus 02/041 infection during adult stage. A significant reduction of the
mortality risk of 28% (Log-rank test: pval = 0.006) was observed for ME-exposed oysters
(Figure 6) but not to the bacterial mixes. In summary, only ME-exposure conferred a

significant beneficial effect on the survival of the adult oysters against Vibriosis.
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Hazard-Ratio for experimental V. aestuarianus infection of oysters exposed at the larval stage
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Figure 6: Forest plot representing the Hazard-Ratio value of mortality risk during the V. aestuarianus
experimental infection for oysters (All populations confounded) exposed to microorganisms compared
to control oysters. The numbers in brackets under the different conditions correspond to the number of
oysters used in condition during the experimental infection. The Hazard-Ratio value is indicated to the
right of the conditions, except for the control condition, which is indicated as reference. Finally, the
value of the p-value is indicated on the right-hand side of each row.

Microorganism exposure during larval rearing induced long term changes of the

microbiota composition.

To test the immediate and long-term effect of the microorganism exposure on the oyster
microbiota composition, we analysed the bacterial communities by 16S amplicon sequencing
after 7 days of exposure which corresponded to 48h after the last bacterial addition (at day 7 for
NSI and Arcachon mix exposure and at day 14 for La Tremblade mix exposure) and at juvenile
stages 8 months after the exposure. We focused our study on the three conditions of bacterial
exposure that conferred significant increase on the survival of oysters during OsHV-1 and V.
aestuarianus experimental infection.

A greater richness was observed seven days after the exposure for ME-exposed larvae but not
after exposure to bacterial mixes (Figure 7 A,B). This difference was not maintained at juvenile

stages (Figure 8 A). Dissimilarity analysis, based on the Bray-Curtis index, showed that the
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larvae microbiota composition differed between condition after 7 days of microorganism
exposure, whatever the condition (Control vs ME-exposed: Permanova : R? = 0.18 ; pval <
0.001; Control vs Arcachon mix-exposed: Permanova: R?=0.19 ; pval <0.001; control vs La
Tremblade mix-exposed: (Permanova: R2 = 0.29 ; pval = 0.036) (Figure 7 C,D). This
difference remained statistically significant at juvenile stages for two exposure conditions
(Control vs ME-exposed: Permanova: R? = 0.05 ; pval = 0.029; Control vs La Tremblade mix-
exposed: Permanova: R2=0.05 ; pval =0.033) (Figure 8 B).

We further checked the presence of the bacteria that were added during the exposure after 7
days of exposure and at juvenile stages, 8 months after the exposure. For this purpose, we
performed blast analysis. This allowed us to detect two bacterial strain out of the 5 that we had
added in larvae exposed to the Arcachon mix and these two bacteria represent 3.3 to 25.9 % of
the total bacterial community of oyster larvae exposed to this mix (Figure 7 E) and ASVs
associated with the administered bacteria of the La Tremblade mix ranged from 0.09 to 0.96 %
in the larvae samples administered with La Tremblade mix (Figure 7 F). None of the ASVs
could be detected at the juvenile stages 8 months after the exposure (Figure 8 C,D). Using this
pipeline of detection, we were able to detect these ASVs on a mock control containing an
artificial mix of bacteria in the same proportion except for the bacteria Sulfitobacter sp. LTB127
and Paracoccus sp. LTB95. This indicates that the lack of detection of the ASVs is due to an

absence of the bacteria rather than a technical shortcoming in our detection pipeline.

In summary, a few proportions of the different bacteria that were added during the larval rearing
were detected in the oyster microbiota after 48h of exposure, and none of them were maintained
on a long-term basis. Despite this lack of bacterial colonization, the overall composition of the
microbiota was modified after the bacterial exposure and these changes remained up to the

juvenile stages.
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Figure 7: Effect of the microorganism exposure on the alpha-diversity (A,B) and beta-diversity (C,D)
of larvae microbiota and plot composition for administered bacteria in larvae microbiota (E,F). Observed
index (y-axis) from alpha-diversity analysis on larvae bacterial community of (A) control, ME-exposed
and larvae exposed to Arcachon mix at D7 pf and (B) control and larvae exposed to La Tremblade mix
at D14 pf. *Represents a statistically significant change in observed index and “ns” stand for not
significant. Principal coordinate analyses (PCoA) representing dissimilarities between samples using
the Bray-Curtis distance matrix performed on 16S barcoding data obtained from (C) control (green)
ME-exposed (blue) and larvae exposed to Arcachon mix (brown) at D7 pf and (D) control (green) and
larvae exposed to La Tremblade mix (red) at D14 pf. Relative abundances, at the genus level, of the
administered bacteria composing (E) Arcachon mix and (F) La Tremblade mix find in the larvae
microbiota.
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Figure 8: Effect of the microorganism exposure on the alpha-diversity (A) and beta-diversity (B) of
juvenile microbiota and plot composition for administered bacteria in juvenile microbiota (C,D). (A)
Observed index (y-axis) from alpha-diversity analysis on juvenile bacterial community of control, ME-
exposed and juvenile exposed during larval stages to Arcachon mix between D0 and D14 pf pf and La
Tremblade mix between D7 and D14 pf. “ns” stand for not significant. (B) Principal coordinate analyses
(PCoA) representing dissimilarities between samples using the Bray-Curtis distance matrix performed
on 16S barcoding data obtained from control (green) ME-exposed (blue) and oysters exposed during
larval stages to Arcachon mix (brown) and La Tremblade mix (red). Relative abundances, at the genus
level, of the administered bacteria composing (E) Arcachon mix and (F) La Tremblade mix find in the
juvenile oyster microbiota.
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Bacterial exposure induced changes in oyster immunity.

To see the impact of microbial exposure on oyster gene expression, we performed a
transcriptomic analysis on juvenile oysters before and during an experimental POMS challenge.
For the four oyster populations, the number of differentially expressed genes (DEGs) in oysters
exposed to bacteria compared to control oysters, was more important before the infection than
3h after the beginning of the infection except for the ME-exposed with Brest oysters (Figure
9). Furthermore, the clustering of DEGs, shows that the transcriptomic response to bacterial
exposure is dependent on the oyster population. Within the different oyster populations, we can
also observe that the transcriptomic response is also different depending on the bacterial

exposure (Figure 10).
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Figure 9: Transcriptomic response of oysters. Histogram of all differentially expressed genes (DEGs) in
oysters exposed to Arcachon mix, La Tremblade mix or Me-exposed compared to control oysters for
the four oyster populations (Brest, Arcachon, La Tremblade and Thau) prior to OsHV-1 infection (green)
and at t = 3h post infection to OsHV-1 (blue).
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Figure 10: Transcriptomic response of the oysters. Heatmap of all differentially expressed genes (DEGs)
in oysters exposed to Arcachon mix, La Tremblade mix or Me-exposed compared to control oysters for
the four oyster populations (Brest, Arcachon, La Tremblade and Thau) (A) prior to OsHV-1 infection
and (B) at t = 3h post infection to OsHV-1. The intensity of DEGs expression is expressed in Log2 Fold
changes (Log2FC) for over expressed DEGs (in red) and under expressed DEGs (in blue).
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To identify which biological processes were affected by the microbial exposure, we conducted
a Rang-Based Gene Ontology Analysis (RBGOA). The range of biological process in oysters
before and during the OsHV1 infection included many functional annotations such as,
metabolism, RNA and DNA process, protein processing, signal transduction, transport, and
immune functions. We then focused on the enriched immune functions in oysters exposed to
microorganisms compared to the control oysters (Figure 11). The most Significantly enriched
functions across all oyster populations and all treatments were general functions of immunity
(defence response, immune system process), functions related to the response to organisms
(response to bacterium, response to virus), a function related to the positive regulation of

response to stimulus and a function related to G-protein signalling pathway (Figure 11).

We further analysed individual DEGs for the main enriched functions related to immunity on
the Arcachon population, since it showed the greatest reduction in mortality risk for all
microbial exposures. This analysis revealed that before the infection (t=0), gene coding for
Pattern Recognition Receptor (PRRs) (C-type lectins, C1q domain containing protein), innate
immune pathways (toll-interleukin receptor (TIR), Complement pathway), interaction with
bacteria (Bactericidal permeability-increasing protein) and antiviral pathways (RNA and DNA
Helicases, RNA-dependent RNA polymerase) were found to be over expressed in microbial

exposed oysters compared to control oysters (Figure 12).
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Figure 11: GO enrichment analysis. Dot plot showing the overrepresented GO terms (FDR <0.1) of
biological process (BP) related to immune function identified using RBGOA for the four oyster
populations (Brest, Arcachon, La Tremblade and Thau) exposed to Arcachon mix, La Tremblade mix
or ME-exposed compared to control oysters at t=0 and t=3h of OsHV-1 infection. The size of the dot is
based on DEGs count significantly enriched in the pathway, and the colour of the dot shows the pathway
enrichment significance.
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Figure 12: Transcriptomic response of immune related genes for oysters of the Arcachon population.
Heatmap of DEGs associated with immune process commonly found at least between two
microorganism exposure condition for the Arcachon population. The intensity of DEGs expression is
expressed in Log2 Fold changes (Log2FC) for over expressed DEGs (in red) and under expressed DEGs
(in blue).

Discussion:

OsHV-1 pVar and V. aestuarianus are two pathogens that are propagating and threatening
oyster production in Europe (Petton et al. 2021; Mesnil et al. 2022) but also in other countries
such as the United States (Friedman et al. 2005), Japan (Shimahara et al. 2012), Australia (Paul-
Pont et al. 2013) and New-Zealand (Delisle et al. 2022). The research of methods to fight
against these infectious diseases is therefore essential. In the present study, we investigated the
long-term effects of different microbial exposures during the larval stages on the phenotype of
oysters in response to an infectious episode of POMS or V. aestuarianus. We also investigated

the impact that this exposure had on the microbiota and immune competence of C. gigas.
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Microorganism exposure induced contrasted effects during the larval rearing stages.

One of the most critical stages in aquaculture is the larval rearing stage. Indeed, the survival of
larvae is, for many aquatic species, as low as 10-15% (Vadstein et al. 2018). Here we show
that the addition of microorganisms during the larval rearing stages induced three different
effects on larvae survival. The majority of microbial exposures had no or little effects on larval
survival, but some multi-strain bacterial mixes had devastating effects on larval survival.
However, the developmental stage of the oysters seems to play an important role in the tolerance
to microbial exposure. Indeed, when the multi-strain bacterial mixes that inducing strongly
deleterious effects were administered at later stages of development (from seven days post
fecundation), the impact on larval survival became negligible. Furthermore, we can also
observe that larval survival is also influenced by oyster genetics background. The oyster
population from La Tremblade is the one that had the least negative impact on its survival

contrarily to the Brest population which suffer of the most deleterious effects.

The addition of bacteria during the larval stages has already shown positive effects on health
and growth of oyster and shrimp larvae (Liu et al. 2010; Campa-Cordova et al. 2011). But most
of the time, these studies focused only on the effects of a single probiotic bacteria on the survival
against a pathogen directly after the administration of probiotic (Goulden et al. 2012; Modak
and Gomez-Chiarri 2020; Madison et al. 2022) and unlike in our study, no studies have
examined the impact of multi-strain bacterial mixes on the health and growth of larval molluscs

of aquaculture interest.

It has been proposed by (Vadstein et al. 2018) that current hatchery practices (disinfection of
the rearing water, addition of food during rearing) may select for r-strategist bacterial species
present in rearing water. Indeed, most pathogens are classified as r-strategists, and r-selected
species are often referred to as opportunists (Andrews 1984). To counteract this deleterious
effect, (Vadstein et al. 2018) suggested to favour competing k-selected bacteria in order to
achieve a composition of the water microbiota with fewer opportunists, which are r-selected
bacteria. From this point of view, it could have been interesting to realize an exposure during
the larval stages without addition of food to support a k-selection of the bacteria added in rearing

water.
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Microorganism exposure during the larval rearing stages can result in improved

resistance to OsHV-1 and V. aestuarianus infections.

In our study, larval exposure to a whole microbiota from donor oysters that were always kept
in controlled environment led to an improved survival against OsHV-1 and V. aestuarianus
infection. Larvae exposure to multi-strains bacterial mixes also induced an improved survival

against OsHV-1 but no protection was evidenced against V. aestuarianus.

Several studies have demonstrated that an exposure during larval stage could improve the
survival of oyster larvae against V. coralliilyticus (Kesarcodi-Watson et al. 2012; Karim et al.
2013; Modak and Gomez-Chiarri 2020; Madison et al. 2022), V. tubiashii (Karim et al. 2013)
but contrary to our study, none of them investigated a long-term protective effect during the
juvenile or adult stages. The only study on the long-term protective effect of bacterial exposure
in molluscs of aquaculture interest is the study by (Fallet et al. 2022) although this long-term
beneficial effects has already been proven in the fish model (Galindo-Villegas et al. 2012).
Fallet et al. (2022) shown that a larval exposure to a whole microbiota from healthy donor

oysters from the field improved the survival of oyster against OsHV-1 infection.

Administered bacteria did not settle down in the oyster microbiota but he microorganism
exposure during the larval stages induced changes in the bacterial communities of larvae

et juveniles

Due to the assimilation of bacteria by larvae during the water filtration and feeding, we were
capable to find the bacteria administered by multi-strains bacterial mixes in oyster larvae, but
these bacteria were not found in juvenile oysters. As shown by (Gibson et al. 1998; Offret et
al. 2018), these results also demonstrate that administered bacteria become transiently

implanted but do not settle down over time in the host microbiota.

Addition of microorganism during the larval stages induced changes in larvae and juvenile
microbiota composition. In addition, the exposure to whole microbiota from donor oysters has
introduced more richness and changed in the bacterial community of exposed oysters during
larval and juvenile stages even if the donor oysters were always kept in controlled
environments. This was also observed by (Fallet et al. 2022) who brought in an increased
richness of oyster microbiota after an exposure of larvae to a diversified microbiota.

Furthermore, we were also able to demonstrate that exposure to a multi-strains bacterial mix
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can induce changes in the bacterial community, but this type of exposure does not result in

greater richness.

Microorganism exposure during the larval stages affected the transcriptomic response of

the oysters.

In this study, microbial exposure during larval rearing stages conduct to a long-lasting effect of
gene modulations including immunity-related genes and a modulation of different biological
functions related to immunity. The number of DEGs was higher before OsHV-1 infection in
microbial exposed oysters compared to control oyster. This transcriptomic response, fit to a
sustained immune regulation scenario (Coustau et al. 2016; Melillo et al. 2018; Prigot-Maurice
et al. 2022) in which the same immune effectors are continuously upregulated following a first
immune challenge (Coustau et al. 2016). This type of transcriptomic response has already been
found in oysters following immune priming by injection of the viral mimic synthetic double

stranded RNA (dsRNA) called poly(I:C) (Lafont et al. 2017, 2020).

When focusing on the immune genes we could see that a large part of the immune genes
differentially expressed in exposed oysters compared to control oysters coded for PRRs and the
rest coded for immune pathway and immune response to virus and bacterium. We hypothesize
that the resistant oysters are able to detect OsHV-1 or V. aestuarianus infection quickly and
early. This is supported by (de Lorgeril et al. 2018b; De Lorgeril et al. 2020) who has
demonstrated that POMS-resistant oysters present a more rapid antiviral response compared to

POMS susceptible oysters.

Transcriptomic changes after microorganism exposure during the larval stages is strongly
affected by oysters’ genetic background but no greater response were observed with

sympatric interactions between oysters and microorganisms.

Whether in terms of survival or growth of the larvae, transcriptomic changes after exposure or
response to OsHV1 challenge, the response to microbial exposure was to a large extent
determined by the genetic background of the oyster. The importance of the host genetics for the
resistance phenotype against OsHV-1 and V. aestuarianus was already demonstrated by
(Dégremont et al. 2005, 2020; Gawra et al. 2023). But also, it have been shown that the

observed phenotypic variation between the oysters population was explained by interactions
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between the genetic background, epigenetic information and environmental parameters (Gawra
et al. 2023). We hypothesize that this interactions between genetic background of the oysters,
and the epigenetics information provided by early exposure to microorganisms might be
responsible for the differences of observed phenotypes in our study. Indeed, the modifications
in the epigenome induced by microbial exposure have been involved in the long-term resistance
to POMS disease (Fallet et al. 2022). In addition, these changes can be transmitted through the
next generation (Fallet et al. 2022).

Although this interaction between genetics, epigenetics and environmental parameters seems
to be the key of the oyster phenotypes, we did not observed any synergetic effect with sympatric
association between the oysters and the administered bacteria. This suppose that the microbial

community is more important than the geographical origin of the microorganisms.

Conclusion:

In the present study, we have shown that an early-life exposure to multi-strains bacterial mixes
induce long-term a protective effect against OsHV-1 uVar infection at later development stages.
However, an exposure to a whole healthy microbiota from oyster donors always kept in
controlled environment, may be a better alternative since it provides a higher protective effect
against OsHV-1 uVar and Vibrio aestuarianus infection. Addition of microorganisms during
the larval rearing stages induces changes in the microbial environment of the oyster larvae that
might induces changes in the epigenome that, depending on the genetic background of the
oysters, will induce resistances to the pathogens. This study presented the great potential of

microbial education for an applicational use in oyster hatcheries.
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I. Utilisation des activités antibactériennes de bactéries
issues du microbiote de I'huitre C. gigas comme moyen
de lutte contre les infections a OsHV-1 uVar et V.

aestuarianus

1. Contexte et objectifs
La seconde approche de lutte contre les maladies infectieuses affectant C. gigas, développée au
cours de ces travaux de these, consiste a mettre a profit les effets antagonistes dont disposent
certaines bactéries a 1'égard d'autres microorganismes, et plus particuliecrement a 1'égard des

agents pathogenes de 1'huitre.

Des études ont porté sur l'utilisation de bactéries possédant des activités antibactériennes afin
de lutter contre des infections. A titre d'exemple, une exposition chez l'ormeau Haliotis
tuberculata a la souche Pseudoalteromonas sp. hCg-6 a permis de conférer un effet protecteur
lors d'une infection a Vibrio harveyi ORM4 (Offret et al. 2018). Plus spécifiquement chez les
huitres, une exposition lors des stades larvaires a une souche de Pseudoalteromonas sp., capable
d'inhiber la croissance de la bactérie V. coralliilyticus, a permis, lors d'une infection a cette

derniere, de réduire la mortalité des larves.

Des études ayant réalisé des analyses comparatives entre le microbiote d'huitres résistantes et
le microbiote d'huitres sensibles a la maladie du POMS (King et al. 2019; Clerissi et al. 2020;
Fallet ef al. 2022) ont montré que certains taxons bactériens étaient surreprésentés de facon
significative chez les huitres résistantes a cette maladie. Parmi ces taxons, on retrouve des
bactéries appartenant a la famille des Sphingomonadaceae, des Halomonadaceae ou aux genres
Cobetia et Neptunomonas (Fallet et al. 2022) pour les stades larvaires, ou a la famille des
Colwelliaceae, des Cyanobacteria (Subsection III, family I) des Rhodobacteraceae (Clerissi et
al. 2020), des Bradyrhizobiaceae au genre Winogradskyella (King et al. 2019) pour les huitres
juvéniles. Bien que I'implication de ces bactéries dans la résistance a la maladie du POMS n'ait
pas pu étre démontrée, nous pouvons tout de méme affirmer que le microbiote naturel de I'huitre

C. gigas peut constituer une source prometteuse de probiotiques pour I'huitre.
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Les objectifs de cette partie sont donc :

1) Cribler la collection de bactéries réalisée lors de ces travaux de theése afin de déterminer
quelles bactéries possedent une activité antibactérienne en co-culture mais aussi dans

leur surnageant de culture.

2) Tester des bactéries sélectionnées pour leurs activités antibactériennes, pour un effet
protecteur potentiel contre (1) les infections a OsHV-1 uVar en bloquant I'étape de la
dysbiose ou la prolifération de bactéries opportunistes survenant lors de la maladie du

POMS et (2) contre les infections a V. aestuarianus en combattant directement la

bactérie pathogene.

3) Déterminer l'impact sur le microbiote de l'exposition aux bactéries sélectionnées.

2. Matériel et Méthodes

Afin d'atteindre cet objectif, une collection de bactéries associées aux huitres résistantes a la
maladie du POMS a été créée. Pour ce faire, des huitres dgées d'environ un an et ayant survécu
a un épisode infectieux de la maladie du POMS ont été prélevées sur quatre sites en zones
conchylicoles (Rade de Brest, La Tremblade, Bassin d'Arcachon, et étang de Thau). Ces huitres
ont ensuite été broyées individuellement et étalées sur des boites de Marine Agar. Les bactéries
issues de ce prélevement ont ensuite été isolées et purifiées par repiquages successifs avant
d’étre cryoconservées en glycérol et identifiées par séquengage SANGER du gene codant pour

I'ARNr 16S.

Les bactéries composant cette collection ont ensuite été criblées pour leurs activités
antibactériennes en co-culture mais aussi dans leur surnageant de culture. Afin de tester ces
activités antibactériennes, huit bactéries cibles ont été sélectionnées. Parmi elles, quatre sont
des bactéries du genre Vibrio pathogeénes pour I’huitre C. gigas (Vibrio aestuarianus 02/041,
Vibrio coralliilyticus 06/210, Vibrio crassostreae J2-9, et Vibrio harveyi Th15_0O_AO1). Les
quatre autres sont des bactéries associées a la dysbiose survenant lors de la maladie du POMS
(Amphitrea sp. 14/114-3T2, Marinobacterium sp. 05-091-3T1, Marinomonas sp. 12/107-2T2,
Pseudoalteromonas sp. 09/041-1T3) (de Lorgeril et al. 2018a; Clerissi et al. 2022). Ces
bactéries cibles nous ont été fournies par le Laboratoire National de Référence (LNR) (Ifremer,
La Tremblade, France) ou proviennent de projets précédents de notre laboratoire (Oyanedel et

al. 2023).
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A la suite de ce criblage in vitro, cinq bactéries ont été sélectionnées afin de tester
individuellement leurs effets in vivo sur les huitres pour un effet protecteur contre la maladie
du POMS mais aussi contre V. aestuarianus. Des huitres juvéniles (poids moyen = 2,77g) et
adultes (poids moyen = 29,89¢) ont ensuite été exposées pendant sept jours a ces cinq bactéries
avec un renouvellement aux jours 2 et 4. A la suite de cette exposition, une infection
expérimentale a OsHV-1 uVar ou V. aestuarianus par cohabitation a été réalisée, et les
mortalités ont été enregistrées afin de déterminer le phénotype de résistance des huitres

exposées.

Afin de confirmer l'effet de la bactérie Halomonas sp. LTB66 contre la maladie du POMS, une
seconde exposition suivie d'une infection expérimentale 2 OsHV-1 uVar a été réalisée sur trois
fonds génétiques d'huitres différents : des NSI (Naissain Standardisé Ifremer), des huitres de la
famille F15 (famille d'huitres sensibles a la maladie du POMS (de Lorgeril et al. 2018a)) et un
mélange d'huitres (population GT) issu des géniteurs de Brest, La Tremblade, et Arcachon

issues de 1'étude sur 1'éducation microbienne (cf. chapitre 1, partie II).

Pour finir, des analyses moléculaires ont été réalisées dans le but de caractériser les mécanismes
associés aux résistances. Dans ce but, une analyse des communautés bactériennes par
métabarcoding 16S a été réalisée afin de déterminer l'impact des bactéries apres 7 jours
d'expositions mais aussi a t=48h d'infection a OsHV-1 pour l'exposition a la souche Halomonas

sp. LTB66 sur la composition du microbiote.

3. Résultats
Une collection de 328 bactéries associées a la maladie du POMS a pu étre créée. Cette collection
est composée de 62,8 % de Proteobacteria, 15,3 % de Firmicutes, 12,3 % de Bacteroidetes et
9,6 % d'Actinobacteria. Parmi ces bactéries, 78 ont présenté une activité antibactérienne en co-
culture dirigée contre au moins une des bactéries cibles. Le criblage des surnageants de culture
a montré que 1’activité antibactérienne persistait dans le surnageant de 8 souches bactériennes.
Basé sur ces résultats de D’activité antibactérienne, cinq bactéries (Bacillus sp. ARG61,
Halomonas sp. LTB66, Cytobacillus sp. ARC29, Yoonia sp. THAUS9 et Vibrio sp. LTB1) ont
¢été sélectionnées afin de tester leur effet sur le phénotype des huitres lors de I’infection a OsHV-

1 uVar ou V. aestuarianus.
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L’exposition a la bactérie Halomonas sp. LTB66 a permis d’induire une baisse importante mais
non significative de 45 % (Log-Rank test : p-val = 0,136) du risque de mortalité lors de
I’infection a OsHV-1. Lors du test complémentaire réalisé sur les trois fonds génétiques
différents, 1I’exposition a la bactérie Halomonas sp. LTB66 a induit une réduction significative
de la mortalité de 54 % (Log-Rank test : p-val = 0,002) pour la population GT. En revanche,
I’exposition bactérienne a induit une réduction non significative de 14 % (Log-Rank test : p-
val = 0,203) du risque de la mortalité pour les NSI et a induit une augmentation significative du

risque de la mortalité de 60 % (Log-Rank test : p-val = 0,002) pour la famille F15.

Lors de I’infection a V. aestuarianus, une réduction significative du risque de mortalité de 70
% (Log-Rank test : p-val < 0,001), 54 % (Log-Rank test : p-val < 0,001), 46 % (Log-Rank test
:p-val =0,002), and 58 % (Log-Rank test : p-val < 0,01) a été observée pour les huitres exposées
aux bactéries Pseudoalteromonas sp. hCg42, Bacillus sp. ARG61, Cytobacillus sp. ARC29 and
Yoonia sp. THAUS9 respectivement.

Les analyses de dissimilarité, basées sur I’indice de Bray-Curtis, ont permis de démontrer que
I'exposition a la bactérie Cytobacillus sp. ARC29 (Permanova : R2=0,15 ; p-val = 0,036) avait
induit un changement significatif dans la communauté bactérienne des huitres juvéniles. Chez
les huitres adultes, des changements des communautés bactériennes ont également été observés
apres sept jours d’exposition pour les huitres exposées aux bactéries Pseudoalteromonas sp.
hCg42 (Permanova : R? = 0,18 ; p-val = 0,008), Bacillus sp. ARG61 (Permanova : R? = 0,32 ;
p-val = 0,008), Halomonas sp. LTB66 (Permanova : R2 = 0,35 ; p-val = 0,01), Cytobacillus sp.
ARC29 (Permanova : R2=0,32 ; p-val = 0,01) et Yoonia sp. THAUS9 (Permanova : R? = 0,20
; p-val = 0,009). La recherche des bactéries administrées dans le microbiote des huitres au jour
7 (deux jours apres la derniére administration) n’a en revanche pas permis de retrouver les

bactéries dans le microbiote des huitres.

Afin de déterminer I’impact de 1’exposition a la bactérie Halomonas sp. LTB66 sur 1’étape de
dysbiose survenant lors de la maladie du POMS, nous avons réalisé une étude comparative du
microbiote d’huitres exposées versus non exposées prélevées a t=48 heures de I’infection a
OsHV-1. Cette analyse a permis de démontrer chez les huitres de la population GT que les
bactéries du genre Pseudoalteromonas étaient significativement moins abondantes chez les
huitres exposées. A I’inverse, pour les huitres de la famille F15, des bactéries de la famille des
Vibrionaceae étaient significativement plus abondantes chez les huitres exposées a la bactérie

Halomonas sp. LTB66.

124



Chapitre 2 : Effets antagonistes des bactéries issues du microbiote

4. Discussion / Conclusion

Au cours de cette étude, nous avons pu démontrer que le microbiote de 1’huitre est une source
prometteuse de bactéries possédant des activités antibactériennes. En effet, parmi les 328
bactéries de la collection, 76 (22,7 %) possedent une activité antibactérienne en co-culture
dirigée contre I’une des huit bactéries cibles, et 8 bactéries (2,4 % de la collection) conservent
leur activité antibactérienne dans leur surnageant de culture. Cependant, nous avons
uniquement réalisé les tests des activités antibactériennes contre des Vibrios pathogenes
d’huitres (Travers et al. 2015) ou des bactéries liées a la dysbiose de la maladie du POMS (de
Lorgeril et al. 2018a; Clerissi et al. 2022). 11 serait intéressant de réaliser des tests d’activités
antibactériennes supplémentaires sur d’autres bactéries pathogenes des huitres ou plus

généralement du milieu marin affectant des espéces aquacoles d’intérét.

Nous avons également pu démontrer que la bactérie Halomonas sp. LTB66 pouvait induire un
effet protecteur contre la maladie du POMS. Cependant, cet effet protecteur est différent en
fonction des huitres. Selon nous, deux hypotheses pourraient expliquer ces différences entre les
fonds génétiques. La premiere est que le fonds génétique des huitres influence la réponse a
I’exposition bactérienne. Cela est support¢ par des études montrant que I’impact des
probiotiques sur le microbiote (Landsman et al. 2019) ou la santé (Mariman et al. 2015) varie
en fonction du fonds génétique de I’hdte. La seconde hypothése porte sur le fait que la famille
F15 est une famille d’huitre fortement sensible. L’exposition a la bactérie Halomonas sp.
LTB66 a pu induire chez cette bactérie un stress trop important conduisant a une mort plus
rapide des huitres. Pour les huitres pour lesquelles 1’exposition a la bactérie Halomonas sp.
LTB66 a induit un effet protecteur contre la maladie du POMS, les mécanismes moléculaires
restent flous. Nous avons pu montrer lors de cette étude que 1’exposition a cette bactérie avait
réduit I’abondance relative dans le microbiote de bactéries du genre Pseudoalteromonas, qui
est un genre associé a la dysbiose lors de la maladie du POMS (de Lorgeril et al. 2018a; Clerissi
et al. 2022). Une possibilité quant aux résistances induites par la bactérie Halomonas sp. LTB66
serait que cette bactérie présente des activités antivirales. Bien que nous n’ayons pas testé les
activités antivirales, une étude portant sur la bactérie Halomonas sp. BS4 a démontré que cette
bactérie possédait une activité antibactérienne, mais aussi antifongique et antivirale causée par
un biosurfactant sécrété par la bactérie (Donio ef al. 2013). La co-injection de ce biosurfactant
dans des crevettes infectées par une injection du White Spot Syndrome Virus (WSSV) a inhibé

la croissance et les effets pathologiques du virus (Donio et al. 2013).
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Nous avons €galement pu montrer au cours de cette é¢tude que 1’exposition des huitres adultes
aux bactéries Pseudoalteromonas sp. hCg4?2, Bacillus sp. ARG61, Cytobacillus sp. ARC29 et
Yoonia sp. THAUS9 avait permis de réduire significativement le risque de mortalité contre les
infections a V. aestuarianus. Cependant, aux vues de la cinétique des mortalités lors des
infections par V. aestuarianus, il est difficile de déterminer si nous avons pu induire une
protection capable de perdurer dans le temps. Il conviendrait également de réaliser des essais
pour déterminer la persistance de ces effets a plus long terme. Nous avons également pu montrer
que I’exposition a ces bactéries avait induit des changements dans les communautés
bactériennes des huitres exposées. Néanmoins, de plus amples analyses seront nécessaires afin
de décrypter les mécanismes moléculaires associés aux résistances a V. aestuarianus. Par
ailleurs, parmi les 4 souches conférant un effet protecteur contre V. aestuarianus, 3 bactéries
(Bacillus sp. ARG61, Cytobacillus sp. ARC29 et Yoonia sp. THAU 59) n'ont eu aucune activité
antibactérienne dirigée contre V. aestuarianus, ce qui rend l'explication de l'acquisition de la
résistance encore plus complexe. Selon nous, deux mécanismes pourraient expliquer ces
résistances. Le premier serait que I’exposition a ces bactéries a induit des effets
immunostimulants tels que 1’augmentation du nombre total d'hémocytes ou de ’activité de la
phénoloxydase, comme cela a été montré dans les travaux de (Zhang et al. 2009). Pour eux,
I'administration par la nourriture de la bactérie Halomonas sp. B12 chez la crevette charnue,
Fenneropenaeus chinensis, a permis d'augmenter de facon significative le nombre total
d'hémocytes et l'activité de la phénoloxydase. De la méme maniere, I'administration des
bactéries Shewanella haliotis D4 ou Aeromonas bivalvium D15 chez la crevette a pattes
blanches, Litopenaeus vannamei, a induit une augmentation de l'activité de la superoxyde
dismutase et de 1'expression de la prophenoloxydase (Hao et al. 2014). Le second mécanisme
pouvant expliquer I’acquisition de résistances repose sur le fait que les changements de
microbiote observés a la suite de 1I’exposition aux bactéries auraient pu favoriser des bactéries

elles-mémes capables de lutter contre V. aestuarianus par le biais d’effets antagonistes.
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Abstract

Recently, the frequency and severity of marine diseases have increased in association with
global changes, and molluscs of economic interest are particularly concerned. A striking
example of a devastating disease is the Pacific Oyster Mortality Syndrome (POMS) caused by
the Ostreid Herpesvirus-1 pVar (OsHV-1 pVar) that emerged in 2008 and which heavily
impacts Crassostrea gigas production worldwide by affecting juvenile oysters. Adult oysters
are also affected by infectious diseases, especially those caused by the bacterial pathogen Vibrio
aestuarianus. The present work aims at finding sustainable strategies to help fighting against
these infectious diseases. We propose to take benefit from the antagonist effects of the natural
oyster microbiota to develop prophylactic methods to fight these infectious diseases. We
performed antibacterial activity tests with bacteria from a collection of strains isolated from
POMS-resistant oyster. We targeted four different oysters’ pathogenic Vibrio and 4 additional
opportunistic bacteria associated with the POMS disease. We then selected 5 bacteria which we
administered by balneation to oysters before OsHV-1 uVar or Vibrio aestuarianus infectious
challenges to determine whether exposure to these bacteria induced a better resistance of oysters
to these infections. Exposure to Halomonas sp. LTB66 induced a protective effect against
OsHV-1 infection and exposure to 4 bacteria (Pseudoalteromonas sp. hCg42, Bacillus sp.
ARG®61, Cytobacillus sp. ARC29 and Yoonia sp. THAUS9) induced a protective effect against

V. aestuarianus infection.

Although studies are still needed to determine more precisely the molecular mechanisms
involved in the acquisition of resistance, these findings present a promising method for fighting

infectious diseases affecting C. gigas oysters.

Key words:

Crassostrea gigas; Antibacterial activities; Microbiota; OsHV-1 uVar; Vibrio aestuarianus
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Introduction:

The Pacific oyster, Crassostrea gigas, is the most widely grown oyster species in the world.
However, its production is severely compromised by infectious diseases that result in high
mortality rates every year (Friedman er al. 2005; Cotter et al. 2010; Pernet ef al. 2012; Azéma
et al. 2015). Two significant diseases for C. gigas oysters are the Pacific Oyster Mortality
Syndrome (POMS) caused by the Ostreid herpesvirus type 1 pVar (OsHV-1 uVar) and
Vibriosis caused by several Vibrios such as Vibrio aestuarianus, V. coralliilyticus, V. harveyi
or V. crassostreae. POMS is a multifactorial and polymicrobial disease which is influenced by
biotic and abiotic factors (Petton et al. 2021). Infection by OsHV 1 is the first critical step in the
infectious process of POMS with leads to an immunocompromised state of the oyster by
altering haemocytes physiology (de Lorgeril et al. 2018; Petton et al. 2021). This leads to a
dysbiosis of oyster microbiota and subsequent colonisation by opportunistic bacteria and finally
the death of the oyster by a fatal bacteraemia (de Lorgeril ef al. 2018; King et al. 2019; Petton
et al. 2021). During the POMS disease development, bacteria belonging to Amphritea,
Arcobacter, Marinobacterium, Marinomonas, Oceanospirillum, Pseudoalteromonas, and
Vibrio genera were identified to contribute to secondary bacterial infection during POMS
disease (Clerissi et al. 2022). The mechanisms behind the infection by V. aestuarianus are less
known, but it has been shown that V. aestuarianus produces extracellular compounds which
contains virulence factors. (Labreuche et al. 2006, 2010) These extracellular compounds cause
changes in morphology of oyster haemocytes with leads to an immunosuppression allowing V.

aestuarianus to colonise and finally kill the oyster (Labreuche et al. 2006, 2010).

To date, no solution exists to prevent these infectious diseases, but several approaches are being
investigated such as the use of probiotics. A probiotic is by the definition of the Food and
Agriculture Organization (FAO), a “live microorganism, which when consumed in adequate
amounts, confers a health benefit to the host” (Food and Agriculture Organisation of the United
Nation 2016). Probiotics can compete with pathogens by producing diverse antimicrobial
molecules (AMPs, antioxidant molecules), modulating the innate immune system of the host,
interfering with microbial communication systems (quorum quenching effect), producing
beneficial metabolites, and helping for nutrient adsorption (Khademzade et al. 2020).
Concerning oyster farming, 12 potential probiotics have been investigated so far (Yeh et al.
2020). As an example, an exposure of C. gigas larvae to Pseudoalteromonas sp. was able to
inhibit the growth of Vibrio coralliilyticus improving larval survival during subsequent

infection (Madison et al. 2022). Also, administration of Streptomyces sp. strains RLS to juvenile
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Crassostrea sikamea oysters induced significantly higher weight gain and increased antioxidant

activity (Garcia-Bernal et al. 2019).

In this article, we investigated the potential of bacteria isolated from the natural microbiota of
C. gigas to be used as probiotics for oyster farming. Indeed, it was found that bacterial taxa
Colwelliaceae, Cyanobacteria, and Rhodobacteraceae were significantly over-represented in
POMS-resistant oysters (Clerissi et al. 2020). Although the involvement of these bacteria in
resistance to POMS disease has not been demonstrated, we can state that the natural microbiota

of the oyster C. gigas may constitute a promising source of probiotics candidates for oysters.

To test this hypothesis, we first constituted a collection of cultivable bacteria isolated from
oysters that have passed an infectious disease event of POMS disease in the field and we then
screened these bacteria for their antibacterial activities against four oyster pathogenic Vibrios
or against bacteria associated with the POMS disease. Then, selected candidate bacteria were
tested for their effect against OsHV-1 pvar or V. aestuarianus infection. We also investigated

the impact of the administration of probiotic candidate on the microbiota of the oysters.

Materials and methods:
Isolation of cultivable bacteria from Crassostrea gigas

Oyster sampling was performed along the French Atlantic coast and Mediterranean Sea during
two different sampling campaigns (in February 2020 and November 2020). For the Atlantic
coast, 3 sites were selected: the Brest bay (Brittany, France) (lat 48.3349572; long -4.3189134),
the Marennes-Oleron bay (Nouvelle-Aquitaine, France) (lat 45.8029675; long -1.1534223) and
the Arcachon bay (Nouvelle-Aquitaine, France) (lat 44.6813750; long -1.1402178). For the
Mediterranean Sea, the selected site was the Thau lagoon (Occitanie, France) (lat 43.39404;
long 3.58092). Five oysters per site were randomly collected. Two sampling campaigns were
performed, in February 2020 and in November 2020 except for the Thau lagoon site for which
oysters were only collected in November 2020 due to covid restriction arisen earlier in the year.

Bacteria associated to these oysters were then isolated as explained below.

The five oysters sampled on each site were carefully brushed and washed to remove the residues

present on the shell. The flesh of the animals was then individually crushed with an Ultraturax
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T25 mixer (5 x 5 sec) in 15ml falcon tubes. The homogenized tissues were then diluted at 1:10
1:100 and 1:1000. 100 pL of each dilution were spread on 2 Marine Agar (MA) (Marine Agar
Difco 2216) petri dishes and incubated at 15°C or 20°C.

After a minimum incubation period of 3 days, bacterial colonies were selected according to
their morphotypes. A maximum of different morphotypes were selected to maximise the
biodiversity in our sampling and isolated by streaking a colony on a new MA plate and purifying
by two successive subculturing. Then, the pure cultures of individual bacteria were transferred
onto Marine Broth (MB) tubes (Marine Broth Difco 2216) a 15°C or 20°C. After 48h of growth,
500 pL of these cultures was used for cryopreservation in 35% glycerol (V/V) and put into a -
80°C freezer. About 1 ml of the liquid culture was pelleted for further DNA extraction.

Identification of the cultivable bacteria

DNA extraction of the bacterial strains isolated from oysters and cultivated on agar plates was
carried out with the Wizard® Genomic DNA Purification Kit (Promega) according to the
manufacturer instructions. 16S rRNA gene sequencing was performed on these samples to
identify each bacteria from the collection. The PCR and 16S rRNA gene sequencing was
performed by the genoscreen sequencing facilities (http://www.genoscreen.fr/fr/). Briefly, two
pairs of primers P8/PC535 (P8 5-AGAGTTTGATCCTGGCTCAG ; PC535 5'-
GTATTACCGCGGCTGCTGGCAC) and  338-1040F/338-1040R  (338-1040F  5'-
CTCCTACGGGAGGCAG ; 338-1040R 5-GACACGAGCTGACGACA) were used for the
PCR to amplify the V1-V3 and V3-V5 of the 16S rDNA. PCR products were then purified with
Sephadex-G50 gel (GE Healthcare) before analysis into ABI 3730XL capillary sequencer. The
resulting sequences were then assembled by using the DNA baser sequence assembly software
(v4) (Heracle BioSoft, www.DnaBaser.com) and then added in the EZbiocloud database (Yoon

et al. 2017) in order to identify the taxonomy of the isolated bacteria composing the collection.

Screening for antibacterial activities of bacteria isolated from C. gigas microbiota

Eight bacterial strains were selected as targets for the screening of antibacterial activities. Four
of them were pathogenic Vibrio for oysters at different developmental stages: Vibrio

aestuarianus 02/041, Vibrio coralliilyticus 06/210, Vibrio crassostreae J2-9 et Vibrio harveyi
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Th15_0O_AO1. The four others are bacteria associated with POMS dysbiosis according to (de
Lorgeril et al. 2018; Clerissi et al. 2022): Amphitrea sp. 14/114-3T2, Marinobacterium sp. 05-
091-3T1, Marinomonas sp. 12/107-2T2, Pseudoalteromonas sp. 09/041-1T3. All the target
bacteria were provided by the French National Reference Laboratory (Ifremer, La Tremblade,
France) or come from previous projects carried out in our laboratory (Oyanedel et al. 2023).
All strains were cultivated in Marine Broth (MB) at 20°C for 48 hours then the OD600 was
determined using BioPhotometer (Eppendorf). The cultures were diluted to a final
concentration of 10° CFU/mL (1 DO unit = 8x10® CFU/ml) prior to inoculation of Marine Agar
plates by inundation. Overnight cultures, on MB media, of the 334 bacteria from the collection
were deposited in arrays of 8x12 (2uL) spots per marine agar plate previously inoculated with
the target bacteria. A 2 uL spot of kanamycin was used as positive control and a 2 uL spot of
sterile Marine Broth as a negative control. Agar plates were then incubated at 20°C for two

days. Potential antibacterial activity was visualised with Gel Doc XR (Biorad, CA, USA).

For supernatant assay, the same target bacteria were used. Prior to the test, bacteria were
cultured in Marine Broth media on 96 well plates during 72h at 20°C. After the incubation
period, the 96 well plate was centrifugated during 10 minutes at 4000 rpm. The supernatants
were then transferred into new 96 well plates and heated at 100°C during 5 minutes to kill the
possible remaining bacteria. Then, 2 puL spots were deposited on the marine agar plates

previously flooded with the target bacteria as describe above.

Oyster reproduction

GT populations:

150 wild oysters were randomly sampled from each geographic site as described for the
bacterial collection (Brest bay, Marennes-Oleron bay, Arcachon bay, Thau lagoon) in order to
generate 4 oyster populations (Brest, La Tremblade, Arcachon and Thau population). For this
purpose, 20 to 23 genitors were randomly selected for each site and their gender was determined
(Table 1). Spermatozoa of the males and oocytes of the females were collected from each
animal by stripping the gonads. Spermatozoa from males were collected individually while
oocytes from females were pooled. The oocytes were then mixed with the spermatozoa for
fertilization. The number of fertilised oocytes was then counted to determine the hatching rate.

Three to one million fertilised oocytes were then added into 30 L conical tanks in a batch system
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at 28°C in filtered and UV-treated seawater (100 to 34 larvae per ml between day O and day 2,

10 larvae per ml between day 2 and day 7, 3 larvae per ml after day 7).

Table 1: Number and origin of genitors (females and males), used for the reproduction of the GT
population

Oyster La

Populations Brest Tremblade Arcachon
Female 15 13 17
Male 5 10 3

NTA population; NSI population and F15 family:

These oysters were provided by the ifremer facility of La Tremblade.

Test for a protective effect against POMS disease

Oysters from the NTA population (Recipient oysters) were distributed between seven tanks of
40 L filled with UV-treated seawater and maintained at 20°C with adequate aeration. Each tank
contained 60 juvenile oysters (mean individual weight = 2.77g) (Figure 1). Recipient oysters
were exposed to five bacterial strains selected for their antibacterial activities, and to one control
bacterial strain (Pseudoalteromonas sp. hCg42) presenting antibacterial activities against V.
harveyi ORM4 and conferring a protective effect for the abalone (Haliotis tuberculata) infected
with V. harveyi ORM4 (Offret et al. 2018). A condition without added bacteria was used as a

control condition.

Prior to exposure, the bacteria were cultured from glycerol stock in 10 ml of MB media for 24h
at 20°C and then, 1 mL of each bacterial culture was inoculated into 10 mL fresh MB media
and incubated at 20°C. After 48 hours of incubation, the ODgyp was measured, and the
appropriate amount of bacteria was collected and were then centrifuged at 4000 rpm for 2
minutes and the supernatant was discarded. The pellets were then resuspended in 10 ml sterile
sea water and added immediately to tanks with juvenile or adult oysters at a final concentration
of 10* CFU/mL. The bacteria were added individually during seven day and were renewed two

times without water changes at days two and four (Figure 1).
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Five oysters exposed to the different conditions were sampled at day seven (D7) of the bacterial
exposure to perform molecular analysis. Sampled oysters were grounded in liquid nitrogen

(Retsch MM400 mill) to a powder that was stored at -80°C until subsequent DNA extraction.

Immediately following the bacterial exposure, a OsHV-1 experimental infection was realised
for the oysters. For this purpose, we used seven tanks of 40L filled with filtered and UV-treated
seawater and maintained at 20 °C with adequate aeration. Each tank contained 55 oysters
previously exposed to one of the six selected bacteria (recipient oysters). A cohabitation
protocol was used as previously described in (De Decker and Saulnier 2011). OsHV-1 donor
oysters were injected in the adductor muscle with 100uL of the OsHV-1 suspension (10° OsHV-
1 genomic units) and were then equally distributed among the five tanks. The OsHV-1 donor
oyster pool were composed of 25% of F15 family oysters, 25% of F14 family oysters which are
POMS susceptible oysters (de Lorgeril et al. 2018) and 50% of genetically diversified NSI
oysters which have an intermediate phenotype to POMS disease. The ratio between OsHV-1
donor and recipient oysters was 1 donor oyster for 1 recipient oyster. 24 hours after OsHV-1
injection, recipient oysters were added into the tanks (Figure 1). After 48 hours of cohabitation,

all OsHV-1 injected donor oysters were removed from the tanks.

The mortality was recorded for 14 days. Each day the number of dead recipient oysters was
recorded, and all the dead oysters were removed from the tanks.
During the mortality monitoring, 1 mL of water in each tank were sampled every day for the

detection and the quantification of OsHV-1 uVar and stored at -20°C until DNA extraction.
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Bacterial exposure Experimental infection
Transfers to the tank
with infected oysters

Control l ] o
- D4 Mortality monitoring

Vibrio sp. LTB1

Mortality monitoring

Figure 12: Overall experimental design for bacterial exposure and experimental infections performed with the NTA oyster population. Juvenile oysters (n=60)
were placed in 40L tank filed with UV-treated seawater and maintained at 20°C with adequate aeration. Oysters were then exposed to individual bacterial strains
during seven days with a renewal every two days (indicated by the "+" sign in the green circle). At the end of bacterial exposure, 5 oysters per tank were sampled,
flash-freeze into liquid nitrogen and stored at -80°C for molecular analysis (indicated by red triangles). Right after the bacterial exposure, oysters were transferred
into new tank containing donor oysters previously infected by an OsHV-1 injection in order to realise a mortality monitoring.
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In order to confirm the effect of the bacterial strain Halomonas sp. LTB66 against POMS
disease, the same experiment as described above was performed by exposing three different
oyster populations to this bacterial strain: the NSI ("Naissain Standardisé Ifremer”) population,
which is genetically diversified, The F15 family which is very sensitive to POMS disease (de
Lorgeril et al. 2018) and the GT population.

Five oysters of each population exposed or not to the bacterial strain Halomonas sp. LTB66
were sampled before the bacterial exposure and 48h after the beginning of the OsHV-1
experimental infection to perform molecular analysis. Sampled oysters were grounded in liquid
nitrogen (Retsch MM400 mill) to a powder that was stored at -80°C and then used for DNA

extraction.

Vibrio aestuarianus experimental infection by cohabitation

Oysters from the NTA population (Recipient oysters) were distributed between seven tanks of
40 L filled with UV-treated seawater and maintained at 20°C with adequate aeration. Each tank
contained 75 adult oysters (mean individual weight = 29.89g). Recipient oysters were exposed
to five bacterial strains selected for their antibacterial activities, and to one control bacterial

strain (Pseudoalteromonas sp. hCg42)

Prior to exposure, the bacteria were cultured from glycerol stock in 10 ml of MB media for 24h
at 20°C and then, 1 mL of each bacterial culture was inoculated into 10 mL fresh MB media
and incubated at 20°C. After 48 hours of incubation, the ODgoy was measured, and the
appropriate amount of bacteria was collected and were then centrifuged at 4000 rpm for 2
minutes and the supernatant was discarded. The pellets were then resuspended in 10 ml sterile
sea water and added immediately to tanks with juvenile or adult oysters at a final concentration
of 10* CFU/mL. The bacteria were added individually during seven day and were renewed two

times without water changes at days two and four.

Five oysters exposed to the different conditions were sampled at day seven (D7) of the bacterial
exposure to perform molecular analysis. Sampled oysters were grounded in liquid nitrogen

(Retsch MM400 mill) to a powder that was stored at -80°C until subsequent DNA extraction.

Immediately following the bacterial exposure, a Vibrio aestuarianus experimental infection
was realised for the adult oysters. For this purpose, oysters were transferred to new tanks of

40L filled with filtered and UV-treated seawater and maintained at 20 °C with adequate
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aeration. Each tank contained 70 oysters previously exposed to one of the six selected bacteria
(recipient oysters). A cohabitation protocol was used as previously described in (De Decker and
Saulnier 2011). The V. aestuarianus 02/041 was grown in Zobell medium at 22°C for 24h under
agitation. The bacterial concentration was determined by spectrometry at 600nm and adjusted
to an optical density (ODeoo) of 1 representing 5.107 bacteria per mL. V. aestuarianus donor
oysters were injected in the adductor muscle with 100uL of the V. aestuarianus 02/041
suspension and were then equally distributed among the five tanks. The V. aestuarianus donor
oysters are from same oyster population as the recipient oysters. Immediately after V.
aestuarianus injection into donors, recipient oysters were added to the seven tanks containing
the recipient oysters. A ratio of 1 V. aestuarianus donor oyster for 1.5 recipient oyster was used.
After 48 hours of cohabitation, V. aestuarianus donor oysters were removed from the tanks.
The mortality was then recorded during 17 days by counting the dead oyster every day, and all

the dead oysters were removed from the tanks.

Statistical Analysis of oyster mortality

Mortality recorded for oyster according to the different bacterial exposure was compared using
survival analysis performed on R (v 4.2.1) (R Core Team 2022) with the package survminer (v
0.4.9) (https://cran.r-project.org/web/packages/survminer/index.html). The Kaplan-Meier
method was used to represent the cumulative survival rate and log-rank test was used to
determine the difference between the conditions (supplementary files). A multivariate Cox
proportional hazards regression model was used to compute Hazard-Ratio (HR) with

confidence intervals of 95%.

Oysters and water Genomic DNA extraction and sequencing

DNA extraction from oysters collected during bacterial exposure was performed from frozen
powders using DNA from the tissue Macherey-Nagel kit according to the manufacturer’s
protocol. Prior to 90 min of enzymatic lysis in the presence of proteinase K, an additional 12-
min mechanical lysis (Retsch MM400 mill) was performed with zirconia/silica beads
(BioSpec). DNA extraction from water collected during micro-organisms exposure and

experimental infections was performed with DNA from the tissue Macherey-Nagel kit
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following the manufacturer support protocol for genomic DNA and viral DNA from blood

sample.

DNA concentrations were checked with a Qubit® 2.0 Fluorometer (Thermo Scientific).

16S rDNA library construction and sequencing

Library construction (with primers 341F 5’-CCTAYGGGRBGCASCAG and 806R 5’-
GGACTACNNGGGTATCTAAT for the 16S V3V4 region) and sequencing on a MiSeq v2
(2x250 bp) were performed by ADNid (France).

Bioinformatic pipelines for 16S barcoding analysis

Sequencing data obtained in this study were processed with the SAMBA (v 3.0.2) workflow
developed by the SeBiMER (Ifremer’s Bioinformatics Core Facility). Briefly, Amplicon
Sequence Variants (ASV) are constructed with DADA?2 (Callahan et al. 2016) and the QIIME2
dbOTU3 (v 2020.2) tools (Bolyen et al. 2019), then, contaminations were removed with
microDecon (v 1.0.2) (McKnight et al. 2019). Taxonomic assignment of ASVs was performed
using a Bayesian classifier trained with the Silva database v.138 using the QIIME feature
classifier (Wang et al. 2007). Finally, community analysis and statistics were performed on R
(R version 4.2.1) (R Core Team 2022) using the packages phyloseq (v 1.40.0) (McMurdie and
Holmes 2013) and Vegan (v 2.6-4) (Oksanen et al. 2022).

Unique and overlapping ASVs of each sample group were plotted by using the UpsetR package
(v 1.4.0) (Conway et al. 2017). For beta-diversity, the ASVs counts were preliminary
normalized with the “rarefy_even depth” function (rngseed = 711) from the package phyloseq
(v 1.40.0) (McMurdie and Holmes 2013). Principal Coordinates Analysis (PCoA) were
computed to represent dissimilarities between the samples using the Bray-Curtis distance
matrix. Differences between groups were assessed by statistical analyses (Permutational
Multivariate Analysis of Variance) using the adonis2 function implemented in the vegan
package (2.6-4) (Oksanen et al. 2022). A differential analysis of the microbiota of the different
samples group was performed using the "diff_analysis" function from the MicrobiotaProcess

package (v 1.9.4) (Xu and Yu 2022).
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In order to search for the presence of the administered bacteria, 16S DNA obtained for the
identifications of the selected bacteria were compared by BLAST (Altschul ef al. 1990) search
for similarity against all the ASVs sequence from the dataset. Mock community composed of
equal amount of DNA from the administered bacteria were also used for the comparison with
the ASVs sequence in order to confirm the method. Then, ASVs sequences with a percentage

of identity superior to 99% were searched in the different samples.

Results:

Cultivable disease-resistant oysters associated bacterial collection.

To isolate bacteria with potential beneficial effects against oyster infectious disease, we
reasoned that bacteria should be isolated from disease resistant oysters. For this purpose, wild
oysters aged between 12 and 18 months were sampled closed to farming areas. Oysters located
in these areas were submitted to high pathogen pressure and have been shown to be more
resistant to POMS disease (Gawra et al. 2023). To maximise the biodiversity of the bacterial
collection, oysters were sampled from 4 geographical sites at two different seasons. 334 bacteria
were isolated; from which 166 bacteria were obtained from the February 2020 sampling
campaign, and 168 bacteria were obtained from the November 2020 sampling campaign. 97,
144, 56, and 67 bacteria were isolated from Brest, La Tremblade, Arcachon, and Thau sites,
respectively. They were named according to the sampling site (“ARG” for Brest, “LTB” for
La Tremblade, “ARC” for Arcachon and “THAU” for Thau) followed by the number of the
isolate. The 16S rDNA was obtained for 293 strains. The identified bacteria were divided into
the following phyla: Proteobacteria (62.8%), Firmicutes (15.3%), Bacteroidetes (12.3%) and
Actinobacteria (9.6%) (Figure 2).
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Figure 2: Phylogenetic tree of the bacteria composing the collection of bacteria isolated from POMS-
resistant oyster sampled in the Brest bay (pink), the Marennes-Oleron bay (yellow), the Arcachon bay
(brown) and the Thau lagoon (grey). The collection is composed by 62.8% of Proteobacteria (different
shades of blue), 15.3% of Firmicutes (orange), 12.3% of Bacteroidetes (green) and 9.6% of
Actinobacteria (salmon).

78 bacteria from the collection displayed an antibacterial activity against at least one of
the target bacteria and eight of them displayed this antibacterial activity in their culture

supernatant

All the bacteria from the collection were screened for their antibacterial activity against nine
targets bacteria by co-culture assay. Among these, 78 strains showed an inhibition area around
bacterial colony. Among these strains, 32 showed and antibacterial activity against Vibrios (17
against V. harveyi Th15_O_AO1, 14 against V. aestuarianus 02/041, 12 against V.

coralliilyticus 06/210 and 8 against V. crassostreae J2-9) and 65 showed an antibacterial
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activity against opportunistic bacteria associated with POMS disease (49 against Marinomonas
sp. 12/107-2T2, 8 against Pseudoalteromonas sp. 09/041-1T3, 6 against Amphitrea sp. 14/114-
3T2, and 2 against Marinobacterium sp. 05-091-3T1) (Figure 3 A)

The 76 bacteria presenting an antibacterial activity by co-culture were then screened for the
antibacterial activity of their culture supernatant. Thus, height bacteria conserved their activity
in the culture supernatant. Among them, three bacterial strains (Halomonas sp. LTB66,
Halomonas sp. LTB97 and Vibrio sp. LTB1) presented antibacterial activities in their
supernatant against six of the eight target bacteria, two strains (Bacillus sp. ARG61 and
Cytobacillus sp. ARC29) presented antibacterial activities of their supernatant against two of
the height target bacteria and the three other strains has antibacterial activities of their

supernatant against one of the eight target bacteria. (Figure 3 B)

Based on the results of these tests, five bacterial strains (Bacillus sp. ARG61, Halomonas sp.
LTB66, Cytobacillus sp. ARC29, Yoonia sp. THAUS9 and Vibrio sp. LTB1) were selected to

be tested for a potential beneficial effect on oysters.
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Figure 3: Antibacterial activities of bacteria isolated from oysters against the eight target bacteria. The
plot represents all the bacteria of the collection that have an antibacterial activity against the different
target bacteria (A) by coculture and (B) in the culture supernatant. Bacteria have an antibacterial
activity when the tile is colored in blue/green.
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One bacterial strain induced a reduction of mortality risk during an OsHV-1 pVar

infection.

To test if exposure to bacteria with an antibacterial activity in vitro can induce a protective
effect against the POMS disease in vivo, juvenile oysters from NTA population (exposed or
control) were challenged with OsHV-1 infection. An important but not significant reduction of
the mortality risk of 45% (Log-Rank test: pval = 0.136) was observed for the oysters exposed
to the bacterial strain Halomonas sp. LTB66 (Figure 4). Other conditions, by contrast, tended

to increase the mortality risk.
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Figure 4: Forest plot representing the Hazard-Ratio value of mortality risk during the OsHV-1
experimental infection for oysters (NTA population) exposed to microorganisms compared to control
oysters. The numbers in brackets under the different conditions correspond to the number of oysters
used in condition during the experimental infection. The Hazard-Ratio value is indicated to the right of
the conditions, except for the control condition, which is indicated as reference. Finally, the value of the
p-value is indicated on the right-hand side of each row.
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The Halomonas sp. LTB66 strain may confer a protective effect against POMS disease,

but this effect depends on the genetic background of the oysters.

To confirm the beneficial effect previously observed with the bacterial strain Halomonas sp.
LTB66 against POMS disease, we challenged three different oyster populations exposed to
Halomonas sp. LTB66 with an OsHV-1 infection. Exposure to bacterial strain Halomonas sp.
LTB66 induced a significant reduction of the mortality risk of 54% (Log-Rank test: pval =
0.002) (Figure 5 C) for the GT population and a reduction of the mortality risk of 14% (Log-
Rank test: pval = 0.203) (Figure 5 A) for the NSI population. However, the exposure to
Halomonas sp. LTB66 has induced a significant increase of 60% of the mortality risk for the

F15 family (Log-Rank test: pval = 0.02) (Figure 5 B).
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Figure 5: Forest plot representing the Hazard-Ratio value of mortality risk during the OsHV-1
experimental infection for (A) NSI population, (B) F15 family and (C) GT population of oysters exposed
to the bacterial strain Halomonas sp. LTB66 compared to control oysters (indicated as reference). The
numbers in brackets under the different conditions correspond to the number of oysters used in condition
during the experimental infection. The Hazard-Ratio value is indicated on the right of the exposure
conditions. Finally, the p-value is indicated on the right of each row.
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Four bacterial strains induced a significant reduction of mortality risk during V.

aestuarianus infection.

To test if exposure to bacteria with an antibacterial activity can induce a protective effect against
V. aestuarianus infection, adult oysters (exposed or control) were challenged with a V.
aestuarianus infection. A Significant reduction of the mortality risk of 70% (Log-Rank test:
pval <0.001), 54% (Log-Rank test: pval < 0.001), 46% (Log-Rank test: pval = 0.002) and 58%
(Log-Rank test: pval < 0.01) was observed for the adult oysters exposed to the bacterial strains
Pseudoalteromonas sp. hCg42, Bacillus sp. ARG61, Cytobacillus sp. ARC29 and Yoonia sp.
THAUSO9 respectively (Figure 6).
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Figure 6: Forest plot representing the Hazard-Ratio value of mortality risk during the V. aestuarianus
experimental infection for oysters (NTA population) exposed to microorganisms compared to control
oysters. The numbers in brackets under the different conditions correspond to the number of oysters
used in condition during the experimental infection. The Hazard-Ratio value is indicated to the right of
the conditions, except for the control condition, which is indicated as reference. Finally, the value of the
p-value is indicated on the right-hand side of each row.
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Effects of exposure on the microbiota of oysters

To test the immediate effect of the bacterial exposure on the juvenile and adult oyster
microbiota, we analysed the bacterial communities by 16S amplicon sequencing after seven
days of bacterial exposure which corresponded to 72h after the last bacterial addition.
Dissimilarity analysis, based on the Bray-Curtis index, showed for the juvenile oysters that after
seven days of bacterial exposure, only the microbiota composition between the control oysters
and the oysters exposed to bacterial strain Cytobacillus sp. ARC29 showed significant
differences (Permanova: R2=0.15 ; pval = 0.036) (Figure 7).

Dissimilarity analysis, based on the Bray-Curtis index, on adult oyster microbiota showed that
after the seven day of bacterial exposure, significant differences of microbiota composition
were found between control oysters and oysters exposed to Pseudoalteromonas sp. hCg42
(Permanova: R? = 0.18 ; pval = 0.008), Bacillus sp. ARG61 (Permanova: R? = 0.32 ; pval =
0.008), Halomonas sp. LTB66 (Permanova: R? = 0.35 ; pval = 0.01), Cytobacillus sp. ARC29
(Permanova: R? =0.32 ; pval = 0.01) and Yoonia sp. THAUS9 (Permanova: R? = 0.20 ; pval =
0.009) (Figure 8).
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Figure 7: Principal coordinate analyses (PCoA) representing dissimilarities between samples using the
Bray-Curtis distance matrix performed on 16S barcoding data from juvenile oysters (NTA population)

exposed to the selected bacteria prior to POMS disease challenge.
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Figure 8: Principal coordinate analyses (PCoA) representing dissimilarities between samples using the
Bray-Curtis distance matrix performed on 16S barcoding data from adult oysters (NTA population)

exposed to the selected bacteria prior to V. aestuarianus challenge.
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We then checked for the presence of the administered bacteria in the microbiota of the oysters
after seven days of exposure. For this purpose, we performed a blast analysis. This did not allow

us to detect the administered bacteria in the microbiota of juvenile or adult oysters.
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Figure 9: Relative abundances, at the genus level, of the administered bacteria found at D7 in the samples
from NTA oysters at (A) juvenile stages and (B) adult stages.

Exposure to Halomonas sp. L'TB66 reduced the proportion of Pseudoalteromonas bacteria
in oysters from the GT population, but instead promoted the proliferation of Vibrionaceae

bacteria in the F15 family following the dysbiosis stage of POMS disease.

To determine the impact of exposure to Halomonas sp. LTB66 bacteria on the dysbiosis stage
of POMS disease, we performed a comparative analysis of microbiota composition of oysters
exposed to Halomonas sp. LTB66 bacteria versus control oysters at time t=48h of OsHV1

infection.

The analysis showed that in oysters from the GT population exposed to Halomonas sp. LTB66,
bacteria of the genus Pseudoalteromonas were significantly less abundant than in control
oysters (Figure 10 A). On the other side, in oysters from the F15 family exposed to Halomonas
sp. LTB66, bacteria of the Vibrionaceae family were significantly more abundant than in
control oysters. (Figure 10 B). For oysters from the NSI population, no bacterial taxa of interest
could be identified neither in oysters exposed to Halomonas sp. LTB66 nor in control oysters

(not showed).

149



Chapitre 2 : Effets antagonistes des bactéries issues du microbiote

f__ Nitrosomonadaceae § o__ Vibrionales ——
T__ Spongiibacteraceaeq F—t— f__ Vibrionaceae .=
g__ Marinifilum+ A ¢ & 4 .
ryomorphaceae
f__ Marinifilaceae - = — L ) P
g__Roseibacillus - e, g__ NS10_marine_group la s
Hal. bacter
g naarcobac ér L g__ Pseudophaeobacter —a—
p__ Cyanobacteria - L S
g__ NS3a_marine_group 1 —— g__BD1-7 clade
o__ Haliangiales{ —— g__ Sva0996_marine_group- e
g__ Haliangium+ = o__ Microtrichales 4 e
f__ Haliangiaceae - —— ¢__ Acidimicrobiia =
f__ Parvularculaceae —— :
o__ Oligoflexales e
o__ PAUC26f4 b—imt ) ‘
z g PAUC26f- —— @ c__ Oligoflexia —e—
s i PAUC26f{ e £ g Maribacter e
% g__ Marinicaulis{ —— % g__ Flavobacterium e
E o__ Opitutales+ = ...E.. ¢ Desulfovibrionia- e
g% Fluviicola | - o__ Desulfovibrionales —a—
s__ Nitrospina_sp.4 ——
; g__ Desulfovibrio ——
g__ Jejudonia- ——
o__ Phycisphaerales { —_— f__ Desulfovibrionaceae ——
f__ Phycisphaeraceaeq e g__ Maritimimonas e
o__pltb-vmat-801  +—— g__ Ulvibacter et
o -804 — .
g__ pltb-vmat-80 = f__Alcanivoracaceae —e—i
f__ pltb-vmat-804 ——t
o SM2D12] g__ Alcanivorax- —a—
f__SM2D12{ +——i o__ Pla4_lineage —e—i
g__ Plad_lineage —e—i
g__ Pseudoalteromonas+ e !
f__ Pseudoalteromonadaceae - .t f__Plad_lineage —e—
s__ sponge_bacterium 4 —e— c__ Pla4_lineage{ +—e—
2.5 3.0 4.0 25 3.0 35 4.0
Logi(LDA) Logio(LDA)
Administered bacteria
@ Control Halomonas sp. LTB66

Figure 10: Comparative analysis of oyster microbiota exposed to Halomonas sp. LTB66 strain versus control for (A) GT population and (B) F15 family. Each
point represents the Log10 effect size (LDA score) for a specific taxon. The yellow point represents bacterial taxa more abundant compared to control and vice
versa for green points.
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Discussion:

Infectious diseases are a threat for oyster farming. Especially, infections caused by OsHV-1
and V. aestuarianus are propagating across Europe (Petton et al. 2021; Mesnil et al. 2022;
Delisle et al. 2022). The development of methods to fight against these infectious diseases is
therefore essential. In the present study, we investigated the capacity of bacteria isolated from
oysters and displaying antibacterial activities against bacterial pathogens to mitigate the effect

of these infectious.

Oyster microbiota is a great source of bacteria with antibacterial activity.

Among the 334 bacteria composing the collection, 76 bacteria (22.7% of the collection)
displayed an antibacterial activity by co-culture and eight bacteria (2.4% of the collection)
displayed an antibacterial activity in their supernatant against at least one of the target bacteria.
The target bacteria were oyster pathogens (true pathogen or opportunistic) (Travers et al. 2015;
Petton et al. 2021; Clerissi et al. 2022). It could have been interesting to carry out additional
antibacterial activity tests with the bacteria composing the collection against other pathogenic

bacteria affecting oysters or, more generally, affecting aquaculture species of interest.

The bacterial strain Halomonas sp. LTB66 induce a protective effect against OsHV-1

infection but the effects depend on the oysters’ genetic background.

In our study, we have shown that an exposure to the bacterial strain Halomonas sp. LTB66
reduced the mortality risk against OsHV-1 infections for 3 of the oyster populations tested (GT,
NTA and NSI) but it increased the mortality risk for the F15 family. We propose two hypotheses
to explain these differences of effect caused by bacterial exposure. The first one is that the
genetic background of the oysters influence the response to bacterial exposure. This is
supported by different studies that show that the impact of probiotics on the host's microbiota
(Dantan et al.; Landsman et al. 2019) or health (Dantan et al.; Mariman et al. 2015) varies
according to the host's genetic background. The other hypothesis is based on the fact that the
F15 family is a very sensitive family. Exposure to bacteria therefore probably induced too much

stress for this family, leading to more rapid mortality.

For populations where exposure to the bacterial strain Halomonas sp. LTB66 induced a

protective effect against OsHV-1 infection, the molecular mechanisms involved in the better
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resistance remain unclear. However, for the GT population, we observed that exposure to
Halomonas sp. LTB66 reduced the relative proportion in the microbiota of bacteria of the genus
Pseudoalteromonas which is a genus associated with the POMS disease (Clerissi et al. 2022).
Even if we have demonstrated that the Halomonas sp. LTB66 strain displays antibacterial
activity directed against pathogenic bacteria of the oyster, we do not have tested its antiviral
activity. Indeed, it could have been possible that our Halomonas strain also had an antiviral
activity against OsHV-1 that could have protected oysters against OsHV-1 infection. A study
conducted on Halomonas sp. BS4 bacteria demonstrated santibacterial, antifungal, and antiviral
activity caused by a biosurfactant secreted by the bacteria (Donio et al. 2013). The co-injection
of this biosurfactant in shrimps together with White Spot Syndrome Virus (WSSV) suppressed
the growth and pathological effects of the virus (Donio et al. 2013)

Exposure to four bacterial strains (Pseudoalteromonas sp. hCg42; Bacillus sp. ARG61;
Cytobacillus sp. ARC29 and Yoonia sp. THAUS9) induced a significant reduction of the

mortality risk against V. aestuarianus infection.

The exposure to our bacterial strains (Pseudoalteromonas sp. hCg42; Bacillus sp. ARG61;
Cytobacillus sp. ARC29 and Yoonia sp. THAUS9) induced a significant reduction, from 46%
to 70 %, of the mortality risk against V. aestuarianus infection. To our knowledge, no studies
have evidenced a protective effect by a bacterial exposure against V. aestuarianus. However,
although we have demonstrated a protective effect, it remains difficult to determine a full
protection against V. aestuarianus infections. Indeed, since the dynamics of infection can be
long and/or chronic-like (Travers et al. 2017), it is possible that exposure to our different strains
only delayed the progression of infection. Longer-term effects should be tested to determine

how long the protective effect remains.

Further analyses are also required to determine the mechanisms underlying resistance to V.
aestuarianus. Here we shown that exposure to bacterial strains induced changes in microbiota
compositions of adult oyster and that the administered bacteria did not settle down in the
microbiota. Furthermore, among the 4 strains conferring a protective effect against V.
aestuarianus, 3 bacteria (Bacillus sp. ARG61; Cytobacillus sp. ARC29 and Yoonia sp. THAU
59) had no antibacterial activity against V. aestuarianus, making the explanation of resistance
acquisition even more complex. In our opinion, two mechanisms could explain this resistance.

The first would be that exposure to these bacteria has induced immunostimulatory effects such
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as an increase in the total number of haemocytes, or in phenoloxidase (PO) activity, as shown
in the work of (Zhang et al. 2009), in which the administration of the bacteria Halomonas sp.
B12 through food to the shrimp, Fenneropenaeus chinensis, significantly increased the total
number of haemocytes, and phenoloxidase activity. Similarly, administration of the bacteria
Shewanella haliotis D4 or Aeromonas bivalvium D15 to the white-legged shrimp, Litopenaeus
vannamei, induced an increase in superoxide dismutase activity and prophenoloxidase
expression (Hao et al. 2014). The second mechanism that could explain the acquisition of
resistance is based on the fact that the changes in the microbiota observed following exposure
to the bacteria could have favoured bacteria that are themselves capable of combating V.

aestuarianus via antagonistic effects.

Conclusion:

A sustainable oyster farming is a key to develop this growing industry in a context of global
changes and emerging infectious diseases. The development of prophylactic methods such as
the use of probiotics is a necessity. In this study, we have shown that the administration of
bacteria isolated from C. gigas microbiota and displaying antibacterial activities against various
pathogens or opportunists in vitro, could increase the survival of oyster submitted to OsHV-1
uVar or V. aestuarianus infectious challenges. However, further studies will be needed to
understand the molecular mechanisms involved in the resistance conferred by these bacteria. It
would also be interesting to characterise and purify molecules that are active against pathogens
and opportunists. These molecules may offer a promising way to mitigate the effects of these

infectious diseases.
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II. Caractérisation biochimique de composés a activités
antibactériennes produits par des bactéries issues du

microbiote de I'huitre Crassostrea gigas

1. Introduction

A la suite des essais in vivo réalisés dans la partie I de ce chapitre, quatre bactéries, issues de la
collection de bactéries associées aux huitres résistantes a la maladie du POMS, présentent un
intérét notable pour la lutte contre la maladie de POMS et les infections a V. aestuarianus. Ces
quatre bactéries possedent des activités antibactériennes dirigées contre des Vibrios pathogenes
de I'huitre, mais aussi contre des bactéries opportunistes liées a la dysbiose lors de la maladie
du POMS (cf. chapitre 2, partie I). Parmi elles, la bactérie Yoonia sp. THAUS9 possede une
activité antibactérienne uniquement en co-culture, tandis que les trois autres bactéries, Bacillus
sp. ARG61, Halomonas sp. LTB66 et Cytobacillus sp. ARC29, possedent une activité

antibactérienne en co-culture, mais aussi dans le surnageant.

L'utilisation de molécules bioactives pourrait également s'avérer €tre une solution de lutte
contre la maladie du POMS ou les infections a V. aestuarianus. Ces molécules bioactives
pourraient potentiellement étre également utilisées pour d'autres applications, telles que la lutte
contre d'autres pathogenes marins voire méme contre des pathogenes humains. Nous avons
donc décidé d'isoler la ou les molécules actives responsables des activités antibactériennes et

d'en caractériser la nature biochimique.

Les travaux présentés dans cette partie ont fait I'objet du stage de Master 2 de Laetitia Essomba,
Master 2 Science du vivant de 'Ecole Pratique des Hautes Etudes, en collaboration avec Isabelle

Bonnard, Maitre de conférences au laboratoire CRIOBE a Perpignan.

2. Matériel et Méthode

Les travaux présentés dans cette partie se focalisent sur la souche bactérienne Halomonas sp.
LTB66. En effet, cette souche est parmi les quatre souches présentant une activité

antibactérienne dans son surnageant contre le plus grand nombre de bactéries cibles.
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Préparation du surnageant de culture

Dans un premier temps, la bactérie Halomonas sp. LTB66 a été mise en culture a partir d'une
culture conservée en glycérol dans 10 mL de Marine Broth (DIFCO™ 2216) pendant 24 heures
2 20°C. A la suite de cette incubation, 1 mL de la culture précédente a été utilisé pour
ensemencer 2 L. de Marine Broth. Cette culture a ensuite été mise a incuber pendant 72 heures
2 20°C et sous agitation (100 rpm). A la fin de cette incubation, la culture a été centrifugée
pendant 10 minutes a 4000 rpm. Le surnageant a ensuite été transféré dans un nouveau flacon
avant d'étre chauffé pendant 5 minutes a 100°C afin d'éliminer les potentielles bactéries

restantes. Ce surnageant traité est ensuite conservé a 4°C avant utilisation.

Extraction liquide-liquide

Afin de séparer les composés polaires (phase aqueuse) et apolaires (phase organique), une
extraction liquide-liquide a l'acétate d'éthyle a été réalisée. Dans une ampoule a décanter de 500
mL, 200 mL du surnageant préalablement préparé et 200 mL d'acétate d'éthyle ont été mélangés
et laissés a décanter jusqu'a la séparation en deux phases (la phase organique notée AE et la
phase aqueuse notée SnAE). L'extraction a été répétée trois fois : la phase aqueuse a été extraite
une nouvelle fois avec de 1'acétate d'éthyle afin d'extraire le maximum de composés organiques.
Enfin, les phases organiques ont été rassemblées et lavées avec de l'eau ultrapure (dans un

volume de 200 mL) a I'aide d'une ampoule a décanter.

Empreintes chimiques en Chromatographie Liquide

Les empreintes chimiques des échantillons ont été enregistrées en chromatographie liquide
couplée a de la spectrométrie de masse haute résolution (LC-HRMS) aux concentrations de 5
mg/mL pour la phase aqueuse et 1 mg/mL pour la phase organique. Elles ont également été
enregistrées en chromatographie liquide couplée a un détecteur UV-Visible a barrette de diodes
et un détecteur évaporatif a diffusion de lumiere (HPLC-DAD-DEDL) a une concentration de

20 mg/mL.

Les analyses LC-HRMS ont été effectuées sur un systeme UPLC (Vanquish Thermo Scientific,
MA, USA) couplé a un spectrometre de masse Orbitrap Q-Exactive Plus (Thermo Scientific,
MA, USA). La séparation des composés s’est effectuée sur une colonne Luna R Omega 1,6 um

Polar C-18 100 x 2.1mm (Phénomene, CA, USA). Les solvants d'élution (phases mobiles)
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étaient (A) un mélange d'eau + 0,1 % d'acide formique et (B) d'acétonitrile + 0,1 % d'acide
formique. L'ionisation a été réalisée par électrospray (ESI) en mode positif et négatif. Les
spectres de masse ont été enregistrés en modes positif et négatif avec une résolution de 35 kHz
et un balayage de masse entre 100 — 1500 m/z et en mode MS/MS données dépendantes

permettant I'acquisition de spectres de fragmentation

Fractionnement en HPLC-DAD-DEDL

Un fractionnement de la fraction organique a été réalisé a 1'aide d'une HPLC comportant deux
détecteurs (DAD et DEDL) détectant les composés absorbants entre 200 et 800 nm, couplée a
un collecteur de fractions (Waters Fraction Collector III) permettant de récupérer les différentes
fractions sur une plaque de 96 puits. La séparation a été réalisée sur une colonne Luna Omega
(Phenomenex) polar C18, 3 um de diametre, 150 x 4,6 mm, avec un gradient d'eau et

d'acétonitrile a un débit de 0,7 mL/min.

Les plaques de 96 puits contenant les fractions sont laissées a sécher sous PSM jusqu'a

évaporation complete, puis stockées a 4°C jusqu'a utilisation.

Test des activités antibactériennes

Afin d'évaluer l'activité antibactérienne des différentes fractions collectées par HPLC, des tests

d'activités antimicrobiennes en milieu liquide ont été réalisés.

Pour ces tests, deux bactéries cibles, V. aestuarianus 02/041 et Marinomonas sp. 12/107-2T2,
ont été utilisées en raison de leur sensibilité lors des tests d'activités antibactériennes (cf.
Chapitre 2, partie I, Publication 3). Une culture de bactérie cible est préparée a partir de la
culture stock en glycérol dans 10 mL de Marine Broth a 20°C pendant 48h. Apres cette période
d'incubation, une lecture de la DOgoo est réalisée et une dilution de la culture est effectuée dans
du Marine Broth frais afin d'obtenir une culture de la bactérie cible a une concentration finale
de 10° CFU/mL. 200 pl de cette culture sont ensuite déposés dans chacun des puits d'une plaque

contenant les fractions.

Par la suite, 200 pl de la culture de la bactérie cible sont déposés dans chacun des puits des
plaques de 96 puits contenant les fractions préalablement préparées. Une lecture de 1la DOeoo

est immédiatement réalisée a 1'aide d'un systeme Epoch (Biotek Epoch 266764, Agilent), puis
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la plaque est mise a incuber a 20°C pendant 24h sous agitation (120 rpm). Apres 24h

d'incubation, une seconde lecture de la DOgog est réalisée.

Le pourcentage d'inhibition de croissance est ensuite calculé en suivant la formule suivante :

ODgoo(tz2an) — ODgoo(ton)
Mean ODgoo(tzan — ton)

% d'inhibition de la croissance = 100 — ( * 100)

Identification des composés a activité antibactérienne

Afin d'identifier les composés présentant des activités antibactériennes, les fractions actives ont
été analysées en LC-HRMS. L'obtention des masses a haute résolution des ions a permis de
générer, a partir du logiciel Excalibur (Thermo Fisher Scientific), les formules brutes. Des
recherches sur des bases de données (MarinLit et MetLin) a partir des masses exactes et des

formules brutes ont été réalisées afin d'identifier les composés analysés.

Une analyse par Résonance Magnétique Nucléaire (RMN) du proton a été réalisée sur un
spectrometre JEOL (Akishima Tokyo, Japon) EX-500 MHz équipé d’une double sonde 'H, 1*C
(5 mm), dans 500 pL de chloroforme deutéré (CDCl3) a 303 K. Les déplacements chimiques
(0) ont éteé calibrés sur le pic résiduel du solvant [CDCls, 7,27 ppm] et sont rapportés en parties

par million (ppm) par rapport au triméthylsilylane (TMS).

Le spectre de fragmentation des ions par (LC-MS/MS) et le spectre RMN du proton ont permis
de déterminer la structure des molécules par corrélation des données issues de la littérature

associée a la base de données HMDB : Human Metabolome Database.

3. Résultats

Seule la fraction organique (AE) conserve une activité antibactérienne

L'extraction liquide-liquide a permis d'obtenir, apres évaporation des solvants, 27,3 mg et 9 mg
d'extraits bruts pour les fractions aqueuse (SnAE) et organique (AE) respectivement. Ces deux
fractions ont ensuite été reprises dans une solution d'éthanol a 10 % afin d'obtenir une
concentration de 50 mg/mL pour la phase aqueuse et 20 mg/mL pour la phase organique. Les
activités antibactériennes de ces deux fractions ont été testées et ont permis de démontrer que
les composés actifs contre la bactérie Marinomonas sp. 12/107-2T2 se retrouvaient dans la

fraction organique. Le reste des analyses a donc été réalisé sur la fraction organique (AE).
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Le fractionnement de la phase organique a permis d'isoler 3 fractions actives contre la

souche Marinomonas sp. 12/107-2T2.

Afin d'isoler plus finement les composés actifs, la fraction organique a été fragmentée par
HPLC, et I'empreinte chimique a été acquise a l'aide du capteur DAD-DEDL. Les différentes
fractions ont ensuite été testées pour leurs activités antibactériennes. Lors du test sur la souche
Marinomonas sp. 12/107-2T2, trois fractions ont présenté une diminution de 11,19 % (fraction

66), 24,37 % et 10,56 % (fractions 74 et 75) (Figure 13).

A

1 2 3 4 S 6 7 8 9 10 11 12
A 1 16 17 32 33 48 49 64 65 80 81 96
B 2 15 18 31 34 47 50 63 66 79 82 95
Cc 3 14 19 30 35 46 51 62 67 78 83 94
D 4 13 20 29 36 45 52 61 68 77 84 93
E 5 12 21 28 37 44 53 60 69 76 85 92
F 6 11 22 27 38 43 54 59 70 75 86 91
G 7 10 23 26 39 42 55 58 7 74 87 20
H 8 9 24 25 40 41 56 57 72 73 88 89

B

1 2 3 4 5 6 7 8 9 10 11 12
A -6,23 0,57 -5,38 -2,19 4,10 -0,92 -1,98 -0,92 -1,55 4,10 4,32 0,57
B -2,62 -4,32 -1,98 -1,77 -2,40 -0,07 2,91 0,92 11,19 -1,55 -2,62 1,42
(o] -1,34 -3,25 -3,47 -1,77 1,21 2,27 0,57 0,78 1,85 -3,47 -0,49 0,78
D -2,83 -1,98 -1,13 0,57 0,15 142 1,21 -0,28 -0,70 -1,98 0,78 0,78
E -0,92 -3,25 2,06 1,00 0,78 2,70 1,63 1,77 -0,07 -1,55 1,21 3,97
F -4,10 -5,17 2,06 1,00 0,78 5,67 1,21 -1,55 -0,07 10,56 -0,07 2,70
G -5,17 6,23 -1,13 2,48 3,55 4,40 3,55 0,36 2,27 24,37 -0,07 2,91
H -9,63 -3,89 -3,25 3,12 2,91 4,18 1,85 2,06 -0,28 -6,65 2,70 0,36

Figure 13 : Résultats des tests d'activités antibactériennes des fractions issues de la phase organique
dirigées contre la souche Marinomonas sp. 12/107-2T2. (A) Numéros des fractions et (B)
pourcentages d'inhibition de la croissance de la souche Marinomonas sp. 12/107-2T2 pour
chacune des différentes fractions.

Ces trois fractions correspondent a deux pics majoritaires sur I'empreinte chimique (Figure 14).
Les fractions actives, ainsi que les fractions les entourant, ont ensuite été regroupées afin d'étre

analysées en LC-HRMS.
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Figure 14 : Chromatogramme HPLC-DAD-DEDL de la phase organique (AE). Le tracé bleu correspond
au chromatogramme obtenu par le détecteur DEDL. Les lignes verticales noires
correspondent aux différentes fractions. Les deux fractions ayant conservé une activité
antibactérienne contre la souche Marinomonas sp. 12/107-2T2 sont représentées par les
fleches rouges.

Analyse LC-HRMS et identification des molécules actives

L'analyse en LC-HRMS des fractions actives nous a permis d'identifier, pour la fraction 66,
deux ions de charge m/z de 286 (pic Al) et 357 (pic A2), ainsi qu'un ion de charge m/z de 314
(pic B) pour la fraction 74 (Figure 15).
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Figure 15 : Chromatogramme obtenu par 1'analyse LC-HRMS. Pour la fraction 66 (en rouge) et ses
fractions environnantes (noir et vert), deux ions, pic Al (286,2377 m/z) et pic A2
(357,27853 m/z), ont ét¢ identifiés. Pour la fraction 74 (en jaune) et ses fractions
environnantes (bleu et violet), un ion, pic B (314,26846 m/z), a été identifié.

La fragmentation en LC-HRMS/MS des ions ainsi identifi€s a permis d'obtenir des spectres de
fragmentation qui ont pu étre comparés aux spectres de fragmentation de molécules déja
identifiées dans la littérature. Les ions correspondant aux pics Al et B présentent des spectres
de fragmentation similaires (Figure 16 A,C). Il s'agirait donc de molécules appartenant a la
méme famille, mais qui different 1'une de l'autre par un motif CH>-CH> présent en plus sur l'ion

du pic B.

Les recherches sur la base de données (HMDB : Human Metabolome Database) avec la masse
moléculaire ont permis de mettre en évidence une annotation pour 1’ion du pic B : il s’agit de
la N-Lauroyl Isoleucine ou de la N-Lauroyl Leucine, deux isomeres appartenant a la famille
des acides amino-acyls encore appelés lipoamino-acides (Figure 16 C). L’ion du pic Al n’a
pas été retrouvé dans les bases de données disponibles (Figure 16 A) et I’ion du pic A2, quant
a lui, n’a pas pu étre fragmenté dans ces conditions d’analyse (Figure 16 B), ce qui a rendu

impossible I’identification de cette molécule.
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Figure 16 : Spectres de fragmentation en LC-HRMS/MS (mode positif) des ions correspondant au (A)
pic A1, (B) pic A2 et (C) pic B.

L'ion correspondant au pic B a ensuite été analysé en RMN du proton. Le spectre RMN obtenu
(Figure 17) nous a ainsi permis de déterminer la structure de la molécule par comparaison avec
des spectres existant dans la littérature. Cela nous a permis d'identifier la molécule du pic B
comme étant une N-Lauroyl-leucine. La différenciation entre leucine et isoleucine se fait en
fonction des groupements méthyles de 1’acide aminé : deux doublets a 0,97 et 0,96 ppm pour

la leucine au lieu d’un triplet a 0,96 ppm et un doublet a 1 ppm pour I’isoleucine.
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Figure 17 : Spectre RMN ion du proton de 1’ion 314 dans CDCI 3 a 303K pour la molécule correspondant

au pic B.

La N-Lauroyl-leucine est bien un composé actif contre la bactérie Marinomonas sp.

12/107-2T2

Afin de confirmer I'effet de la molécule identifiée lors des précédentes analyses (la N-Lauroyl-

leucine), nous avons réalis€ un test d'activité antibactérienne dirigé contre la bactérie

Marinomonas sp. 12/107-2T2. (La synthese de la molécule a été réalisée par Nicolas Inguimbert

du laboratoire CRIOBE). Les résultats du test ont montré que la molécule était active aux deux

doses testées (15 mg/ml et 1,5 mg/ml) (Figure 18)
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Figure 18 : Résultats du test d’activité antibactérienne de la N-Lauroyl-leucine dirigé contre la bactérie
Marinomonas sp. 12/107-2T2. Les couleurs correspondent aux différents temps auxquels la
DOeoo a été mesuré pour les cinq différentes conditions testées.

4. Discussion et Conclusion
Les organismes marins représentent une source importante de composés bioactifs possédant de
nombreuses propriétés, dont les activités antibactériennes (Citarasu 2012). La recherche de
composés antibactériens chez la bactérie Halomonas sp. LTB66 a permis d'identifier deux
molécules : la premiere clairement identifiée comme étant une N-Lauroyl-leucine et la seconde
comme étant une N-caproyl-isoleucine ou une N-caproyl-leucine. Ces deux molécules
appartiennent a la famille des lipo-aminoacides (dérivés d’acides gras). Des recherches
antérieures ont permis de démontrer que la souche Halomonas sp. BS4 produisait également
des dérivés d'acides gras tels que des glycolipides ou des lipopeptides agissant comme

biosurfactants. Ces biosurfactants ont démontré une activité antibactérienne contre différents
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pathogenes humains (Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus pyogenes
ou Salmonella typhi) mais aussi une activité antifongique (Donio et al. 2013). De plus,
l'injection de ces biosurfactants chez des crevettes infectées par le White Spot Syndrome Virus

(WSSV) a permis de bloquer la croissance et la pathogénicité du virus (Donio et al. 2013).

Bien que le test d’activité antibactérienne ait confirmé que la N-Lauroyl-leucine est bien I'un
des composés a activité antibactérienne sécrétés par notre bactérie Halomonas sp. LTB66, il
sera nécessaire de déterminer la concentration minimale inhibitrice (CMI), mais aussi si cette
molécule est active contre d’autres bactéries, a commencer par les bactéries cibles utilisées dans
nos travaux. De plus, des tests supplémentaires pourront &tre mis en ceuvre pour déterminer si
le composé possede lui aussi d'autres types d'activités, telles que des activités antivirales
dirigées notamment contre OsHV-1 puVar ou encore des activités antifongiques. Il serait
également intéressant de réaliser ce méme genre d'analyse sur les trois autres souches
bactériennes ayant conféré un effet bénéfique pour la survie des huitres lors de l'infection a

Vibrio aestuarianus.
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III. Caractérisation des activités de Quorum Quenching de
bactéries issues du microbiote naturel de 1'huitre

Crassostrea gigas

1. Introduction
La recherche de bactéries possédant une activité de quorum quenching (capacité a inhiber la
communication chimique entre les bactéries) présente plusieurs intéréts, notamment en
aquaculture. En effet, leur utilisation pourrait permettre de lutter contre 1'installation durable,
dans les systemes d'élevage, de bactéries formant des biofilms (Zhao et al. 2015). De plus, leur
utilisation pourrait contribuer a réguler des mécanismes de virulence déclenchés par le quorum
sensing (Chen et al. 2020) (cf. Introduction, partie III, sous-partie 1). La recherche de molécules
actives contre la formation de biofilm présente également des intéréts dans le domaine de la
construction, pour lutter contre la dégradation des matériaux par les biofilms bactériens
(Romani et al. 2022), ainsi que dans le domaine médical afin de lutter contre la formation de

biofilm dans les cathéters (Ivanova et al. 2015).

Nous avons donc recherché, au sein de la collection de bactéries associées aux huitres
résistantes a la maladie du POMS, si des bactéries présentaient une activité de quorum
quenching. Les résultats obtenus devaient permettre de sélectionner des candidats
supplémentaires pour des tests d'effet protecteur in vivo chez les huitres. Cependant, les travaux
de these ayant pris une direction davantage orientée sur les effets indirects et sur les effets des

activités antibactériennes, ces résultats sont donc restés a un stade préliminaire.

Les travaux présentés dans cette partie ont été réalisés dans le cadre du stage de Master 2 de
Prunelle Carcassonne, Master 2 Science de la Mer de 1'Université d'Aix-Marseille et en

collaboration avec Rapha&l Lami, Maitre de conférences au LBBM a Banyuls-sur-Mer.

2. Matériel et Méthodes
Afin d'effectuer le criblage des activités de quorum quenching, la bactérie Escherichia coli
MT102 (pJBA132) (Winson et al. 1998) a été utilisée comme biosenseur. Ce biosenseur produit
et détecte des AHL (N-Acyl Homosérine Lactones) a chaine courte (C6 AHL). En présence

d'AHL, ce biosenseur exprime un gene rapporteur codant pour la Green Fluorescent Protein
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(GFP). Le principe du test repose donc sur la détection et la quantification de la production de
GFP par une culture de biosenseur en présence du surnageant de culture des bactéries a tester.

(Figure 19).
O
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Figure 19 : Principe de fonctionnement du biosenseur Escherichia coli MT102 : lorsque des molécules
d'AHL sont présentes dans le milieu, la protéine LuxR va les fixer et se lier au promoteur
induisant l'expression du gene codant pour la GFP. Ainsi, une augmentation de la
fluorescence indique la présence de mécanismes de quorum sensing. Dans notre test, nous
forgons le mécanisme du quorum sensing en ajoutant des AHL dans le milieu et mesurons la
baisse de la fluorescence, qui nous indique alors une activité de quorum quenching.

Brievement, les 328 souches de la collection de bactéries ont été cultivées en milieu liquide
Marine Broth supplémenté en C6 Acyl Homosérine Lactone (C6-AHL) pendant 48 heures. Le
surnageant de ces cultures a ensuite été transféré en triplicat dans des plaques 96 puits. Une
culture agée de 24 heures du biosenseur est ensuite ajoutée dans les plaques 96 puits et un ajout

de C6-AHL est effectué afin d'induire une fluorescence du biosenseur par la production de GFP.

Une premiere mesure de la DO a 535 nm est effectuée afin de mesurer la fluorescence émise
par le biosenseur. Une lecture de la DO a 600 nm est également effectuée afin de s'assurer de
la croissance du biosenseur. Les plaques 96 puits sont ensuite mises a incuber a 37 °C pendant
24 heures et une nouvelle lecture de la DO a 535 nm et 600 nm est effectuée. Si une baisse de
la fluorescence ainsi qu'une augmentation de la croissance bactérienne sont observées, alors

nous pouvons supposer qu'il y a un effet de quorum quenching.

Pour confirmer ces résultats et écarter la possibilité d'un effet cytotoxique du surnageant sur le
biosenseur, une mesure de l'activité de I'ATP est réalisée a l'aide du kit "BacTiter-Glo™

Microbial Cell Viability Assay" (Promega Corporation, Madison, WI, USA).
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Les valeurs de fluorescence sont, dans un premier temps, normalisées par rapport a la
fluorescence du témoin négatif (milieu LB seul) et a la croissance des bactéries (DO 600) avec

la formule suivante :

Fluorescencegchantinion — Fluorescence;g
D0600Echantillon - D0600LB

Fluorescencegchantition norm. =

Ensuite, le pourcentage d'extinction de la fluorescence est calculé pour chaque échantillon a

I'aide de la formule :

% Extinction Fluorecence

FluorescenceMT102+AHL B FluorescenceEchantillon norm. 100
= *
Fluorescenceyrio2+ 441

3. Résultats

Sur les 328 bactéries de la collection testées, 47 ont induit une baisse de la fluorescence d'au
moins 60 %. Parmi ces bactéries, cinq proviennent de Brest, 21 de La Tremblade, sept

d'Arcachon et 14 de Thau (Figure 20)
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Figure 20 :
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Résultats des tests d'activité de quorum quenching. Heatmap représentant l'impact sur la
diminution de la fluorescence et la croissance du biosenseur (DO 600). Seuls les résultats
pour les bactéries ayant induit une réduction minimale de 60 % de la fluorescence sont
représentés.
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Pour les souches ayant induit une baisse de la fluorescence, la viabilité cellulaire du biosenseur
(mesure de I'ATP) a été réalisée afin de s'assurer que la baisse de la fluorescence ne soit pas
due a un effet cytotoxique du surnageant. Parmi les bactéries testées, seule la bactérie Serratia

sp. LTB157 a présenté un effet cytotoxique sur le biosenseur E. coli MT102.

4. Discussion et Conclusion
La caractérisation des activités de quorum quenching parmi les bactéries de la collection a
permis d'identifier 47 bactéries ayant une activité de quorum quenching dirigée contre les AHL
a chaine courte (C6-AHL). Parmi elles, nous retrouvons six bactéries appartenant au genre
Tenacibaculum. Des bactéries appartenant a ce genre ont déja été identifiées comme possédant
des effets de quorum quenching sur un spectre large d'’AHL. L'utilisation d'extraits cellulaires
bruts d'une souche de Tenacibaculum possédant des activités de quorum quenching a
notamment permis de lutter contre une bactérie pathogene pour les poissons, Edwardsiella
tarda (Romero et al. 2014), ou encore d'inhiber la formation de biofilm par des bactéries du

genre Streptococcus (Muras et al. 2018).

Cette caractérisation d'effet de quorum quenching ne représente cependant qu'un premier
criblage. En effet, d'autres criblages utilisant d'autres biosenseurs ciblant une action de quorum
quenching dirigé contre des AHL a chaines longues (C10-AHL) ou a chaines tres courtes (C4-
AHL) devront étre réalisés. Une fois ces criblages réalisés, une caractérisation chimique par
LC-HRMS des molécules ayant une activité de quorum quenching pourrait étre réalisée. Cela
pourrait permettre a I'avenir d'identifier de nouvelles biomolécules d'intérét a la fois pour lutter
contre des pathogenes marins ou humains, mais aussi plus généralement contre la formation de

biofilms et éviter les phénomenes d'encrassement biologique (également appelé biofouling).
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Discussion générale et Perspectives

L'aquaculture est 1'un des secteurs de production alimentaire qui se développe le plus
rapidement (Food and Agriculture Organization 2022). La production aquacole pourrait ainsi
jouer un role primordial dans la sécurité alimentaire (Food and Agriculture Organization 2022).
Néanmoins, les changements climatiques globaux et la densification des zones d'élevage
provoquent une intensification des épizooties qui sont responsables de pertes importantes de la
production aquacole. Une projection réalisée par (Lam et al. 2016) prévoit une chute de 35 %
des revenus de l'ensemble des activités aquacoles. La production mondiale d'huitres du
Pacifique Crassostrea gigas est également affectée par ces épizooties causées par différents
pathogenes dont un virus, 1'Ostreid herpesvirus 1 puVar, et des bactéries du genre Vibrio telles
que Vibrio aestuarianus. 11 devient donc nécessaire de développer des méthodes de lutte contre

ces maladies infectieuses afin de limiter les pertes pour le secteur ostréicole.

L'ensemble du travail réalisé durant cette these nous a permis de démontrer que :

1) Une exposition au stade larvaire a un microbiote provenant d'individus sains et ayant
toujours vécu en environnement controlé permet de conférer un effet protecteur contre
la maladie du POMS et les infections a V. aestuarianus par des effets

immunomodulateurs.

2) Une exposition a des mélanges multi-souches de bactéries cultivables, permet

également grice a des effets immunomodulateurs de conférer un effet protecteur.

Néanmoins, cette protection ne concerne dans notre étude que la maladie du POMS.

3) L'utilisation de souches bactériennes uniques/spécifiques peut également conférer une
protection vis-a-vis des infections a OsHV-1 pVar et V. aestuarianus en agissant par
des effets directs contre V. aestuarianus ou les bactéries opportunistes impliquées dans

I'infection bactérienne secondaire lors de la maladie du POMS.

4) Les effets positifs conférés par les microorganismes sont dépendants en partie du fond

génétique des huitres receveuses.

5) Le microbiote naturel de I'huitre C. gigas est une source prometteuse de biomolécules

pouvant avoir un champ d'applications variées.
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Influence de I'exposition microbienne sur la réponse transcriptomique de 1'huitre.

Nous avons pu constater au cours de ces travaux qu'une exposition a un microbiote complet ou
a des mélanges de bactéries multi-souches lors des stades précoces du développement avait
induit des changements a long terme de la réponse transcriptomique des huitres. Nos résultats
ont montré que la réponse transcriptomique des huitres exposées aux microorganismes,
comparée a celle des huitres témoins, présentait un nombre de genes différentiellement
exprimés plus important que chez les huitres non exposées, et ce, huit mois apres 1'exposition
aux microorganismes. De plus, nous avons pu démontrer que parmi les genes impliqués dans
cette réponse transcriptomique, certains étaient associés a des fonctions liées a la réponse
immunitaire. Ces résultats démontrent que l'exposition, aussi bien a un microbiote complet qu'a
des mélanges de bactéries multi-souches, déclenche chez les huitres un mécanisme de réponse
immunitaire (également appelé shaping immunitaire). Le profil transcriptomique de la réponse
immunitaire obtenu au cours de notre étude correspond a une réponse immunitaire maintenue
(Coustau et al. 2016; Melillo et al. 2018; Prigot-Maurice et al. 2022). Ce type de réponse
immunitaire a déja été observé chez I'huitre a la suite de l'injection d'une molécule mimant un

agent viral : le Poly(I:C) (Lafont et al. 2017, 2020).

L'analyse des genes significativement différentiellement exprimés liés a I'immunité a permis de
mettre en évidence, pour la population d'huitres provenant d'Arcachon, la surexpression de
certains types de récepteurs (C-type lectine, C1q), d'un gene lié a des fonctions antibactériennes,
de genes liés aux fonctions antivirales, mais aussi une sous-expression de genes liés a d'autres
types de récepteurs (G-protein receptor, scavenger receptor), a la dégradation des protéines et
alaréponse aux dommages causés a I'ADN. Ces résultats suggerent que la résistance des huitres
passe par une détection précoce et une réponse rapide face aux pathogenes, comme cela a déja
été montré dans des familles d'huitres résistantes a la maladie du POMS comparé a des huitres

sensibles (de Lorgeril er al. 2018b, 2020).

Cependant, bien que I'étude du transcriptome permette de connaitre quels génes sont transcrits,
elle ne permet pas de savoir quels transcrits seront réellement traduits en protéines
fonctionnelles. C'est pourquoi, il serait intéressant par la suite d'étudier la réponse protéomique
des huitres exposées aux microorganismes. Récemment, une étude comparative du protéome
d'huitres résistantes et sensibles a la maladie du POMS a permis de montrer que chez les huitres
résistantes a la maladie un plus grand nombre de récepteurs de reconnaissance de motifs

moléculaires (PRR) tels que des lectines, des C1g-TNF ou des chitinases étaient modulés par

177



Discussion Générale et Perspectives

rapport aux huitres sensibles (Figure 21) (Leprétre et al. 2021). Ces PRR vont accroitre la
reconnaissance des particules virales chez les huitres résistantes et permettre une réponse plus
rapide que chez les huitres sensibles (Leprétre et al. 2021). Au cours de cette réponse plus
précoce, une modulation plus importante chez les huitres résistantes de protéines ubiquitin-like
et de protéines impliquées dans la réponse antivirale est également observée (Figure 21)

(Leprétre et al. 2021).
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Figure 21 : Hypothese émise a la suite d'une analyse protéomique sur les mécanismes moléculaires
impliqués dans l'interaction entre le virus OsHV-1 et les cellules des huitres sensibles
(partie supérieure) et résistantes (partie inférieure). Les fleches vertes représentent les voies
impliquées en réponse a l'infection virale et les fleches rouges représentent les voies
inhibées par le virus. Modifié d'apres (Leprétre et al. 2021).
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Quel est le role de 1'épigénétique dans la modulation du systéme immunitaire a la suite

d'une exposition a des microorganismes ?

Les mécanismes épigénétiques peuvent étre définis comme des changements de fonctions de
genes sans modification de la séquence ADN. Ces changements peuvent €tre réversibles, mais
aussi étre héritables a travers de la mitose et/ou de la méiose (Fallet er al. 2020). Différents
changements peuvent ainsi intervenir, parmi ceux-ci, la modification des histones, la
méthylation de ' ADN ou les ARN non-codants (Fallet ef al. 2020). Chez 'huitre C. gigas, des
modifications épigénétiques ont déja été identifiées comme étant impliquées dans des
phénomenes de résistance face aux infections a OsHV-1 (Fallet ef al. 2022; Gawra et al. 2023).
Notamment, il a pu étre démontré qu'une exposition a des microorganismes lors des stades
précoces du développement avait eu un impact sur la méthylation de ' ADN (Fallet ez al. 2022).
De plus, il a été observé que ces modifications épigénétiques avaient pu étre transférées a la
génération suivante. Si I'étude de Fallet ef al. (2022) montre que les patrons de méthylation de
I'ADN de genes liés a des fonctions immunitaires sont impactés par l'exposition a un microbiote,
le lien entre les changements des marques épigénétiques et l'expression des genes n'est pas
totalement compris. Ainsi, le lien fonctionnel entre les phénotypes liés a la réponse immunitaire

et les changements observés au niveau de la méthylation de I'ADN reste a caractériser.

Au cours de ce travail de these, des mécanismes de résistance similaires ont pu étre observés ;
cependant, les modifications épigénétiques n'ont pas été étudiées. Néanmoins, nous pouvons
émettre 'hypothese que I'exposition aux microorganismes lors des stades larvaires a pu induire
chez l'huitre des modifications épigénétiques. Ces modifications sont probablement
responsables des changements de la réponse transcriptomique observée chez les huitres
exposées, conduisant in fine a une résistance accrue face aux infections par OsHV-1 et V.
aestuarianus. Pour compléter ces travaux, il serait également intéressant de déterminer si I'effet

protecteur obtenu peut €tre transmis sur plusieurs générations.
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Limites de I'approche probiotiques

Nous avons pu démontrer qu'il était possible d'utiliser des bactéries cultivables afin de conférer
un effet protecteur pour l'huitre. Pour cela, deux mécanismes distincts sont possibles. Le
premier par une immunomodulation a la suite d'une exposition lors des stades précoces du
développement. Le second par l'action des effets antagonistes des bactéries vis-a-vis des agents
pathogenes (pathogenes vrais ou opportunistes). Bien que ces résultats soient prometteurs et
pourraient permettre de réduire significativement les pertes causées par la maladie du POMS,
les infections a V. aestuarianus voire méme d’autres pathogenes affectant les huitres, I'approche

des probiotiques fait face a certaines limites.

La premiere limitation concerne l'application de ces méthodes au niveau des écloseries. En
effet, I'approche développée lors du chapitre 1 consistant a exposer des larves a des
microorganismes pourrait potentiellement y étre utilisée. Cependant, les pratiques actuelles
cherchent a limiter I'introduction de microorganismes ainsi que le plancton et le zooplancton
indésirable dans 1'eau de mer et ce, des le conditionnement des stocks de géniteurs et jusqu'au
stade de naissain. Les écloseries sont donc équipées de systemes de traitement de I'eau de mer
par filtration mécanique (seuil de 1 micron) (Bourne et al. 1989; Helm et al. 2004) voire des
systemes d'ultrafiltration sur membrane abaissant encore plus le seuil de rétention des bactéries
et virus (Eljaddi et al. 2021; Cordier et al. 2021). Un traitement de 1'eau par des UVs est
également ajouté afin de neutraliser les micro-organismes et de rendre 1'eau de mer adaptée a
I'élevage (Brown and Russo 1979; Brown and Nash 1981; Helm ef al. 2004). 11 conviendra
donc, afin de pouvoir appliquer une approche par probiotiques, de changer dans un premier
temps les pratiques d'élevage, notamment lors des étapes dans les écloseries, avec par exemple
l'introduction de microorganismes lors des étapes d'élevage larvaire. Cette approche est d'autant
plus réaliste que nous avons pu démontrer que 'utilisation d'huitres donneuses de microbiote,
élevées en conditions controlées et donc exemptes de pathogenes, permettait d'induire un effet
protecteur a long terme chez les huitres. Il est donc tout a fait réalisable d'introduire dans le

milieu des microorganismes ne représentant pas de danger.

La seconde limitation concerne l'application au niveau des fermes ostréicoles lors de 1'élevage
des huitres juvéniles et adultes. La seconde approche développée lors du chapitre 2 vise a
exploiter les effets antagonistes des bactéries dirigés contre des pathogenes de I'huitre et a
exposer des huitres lors des stades juvénile ou adulte. Comparée a la premiere approche, celle-

ci est confrontée a un probleme d'applicabilité plus important. En effet, I'élevage des huitres

180



Discussion Générale et Perspectives

juvéniles et adultes étant réalisé en milieu ouvert, il apparait impossible de pouvoir y
administrer des bactéries. La encore, la modification des pratiques ostréicoles sera nécessaire
afin d'exploiter cette méthode. Du fait que les effets bénéfiques persistent sans que les bactéries
ne s'implantent dans le microbiote, une approche possible serait de réaliser une étape de
balnéation avec les bactéries d'intérét, puis de procéder a une étape de dépuration pour les

éliminer avant une mise sur le terrain des huitres juvéniles et/ou adultes.

Une troisieéme limitation que nous avons pu démontrer lors de ces travaux est que les effets
provoqués par l'exposition aux bactéries dépendent en partie du fonds génétique des animaux.
Peu d'études ont comparé 1'effet d'une méme exposition a des microorganismes sur différents
fonds génétiques d'une méme espece. Une étude sur l'utilisation d'un probiotique commercial
sur deux souches de crevette a pattes blanches, Litopenaeus vannamei, a montré que l'exposition
au probiotique a modifié le microbiote de fagon différente entre les deux souches (Landsman
et al. 2019). Une autre étude a démontré que lors de l'utilisation d'un mélange de probiotiques
chez des souris, une expression de genes li€s a l'immunité différente entre deux fonds
génétiques est observée (Mariman et al. 2015). L'ensemble de ces études et les résultats obtenus
au cours de ce travail de these suggerent que 1'approche par probiotiques ne serait donc pas une
approche universelle et pourrait fournir des résultats contrastés sur les différentes populations

et familles d'huftres.

Pourquoi les associations sympatriques n'ont pas induit de synergie sur les effets

bénéfiques ?

Une des hypotheses testées lors du premier chapitre cherchait a déterminer si une meilleure
protection contre la maladie du POMS ou contre la bactérie V. aestuarianus pouvait étre induite
par une association sympatrique entre les microorganismes administrés et les populations
d'huitres. Toutefois, nos résultats n'ont montré aucune synergie sur les effets bénéfiques d'une

telle association spécifique. Deux hypotheses pourraient expliquer cela.

Premierement, 1'arrivée plutdt récente de 1'huitre C. gigas sur nos cotes frangaises entre 1971 et
1975 (Grize and Héra 1991). Ce court laps de temps n'a probablement pas donné le temps

nécessaire a 1'établissement d'une relation sympatrique entre les huitres et les microorganismes.

La seconde hypotheése concerne les pratiques aquacoles pouvant entrainer de nombreux

déplacements d'huitres par les ostréiculteurs. En effet, ces déplacements d'huitres dans
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différentes régions entrainent également des déplacements de microorganismes. La mise en
contact des huitres avec des microorganismes provenant d'origines différentes empéche un
établissement durable et donc une évolution sympatrique. De plus, ces déplacements d'huitres
peuvent engendrer un biais dans l'identification de l'origine géographique des populations
d'huitres sauvages. Bien que nous ayons prélevé des huitres sauvages, il n'est pas exclu que
leurs géniteurs proviennent d'une origine géographique différente. Par conséquent, ce biais dans
I'appréciation de 1'origine géographique des géniteurs pourrait expliquer 1'absence d'évolution

sympatrique entre les huitres et les microorganismes.

Perspectives

Bien que les travaux réalisés au cours de cette these aient permis de montrer que le microbiote
naturel de I'huitre C. gigas peut €tre utilis€é comme moyen de lutte contre la maladie du POMS
et les infections a Vibrio aestuarianus, d'autres études sont nécessaires afin d'approfondir cette

piste.

Concernant |'utilisation des microorganismes lors des stades larvaires, bien que nous ayons pu
démontrer que l'exposition au microbiote complet et a deux mélanges de bactéries multi-
souches ait amélioré la survie des huitres, il reste nécessaire d'apporter des améliorations.
Celles-c1 peuvent porter sur le mode d'administration des bactéries, en jouant par exemple sur
la concentration, la durée d'exposition ou encore la fenétre temporelle d'exposition, ou porter
sur les mélanges eux-mémes en modifiant par exemple la composition de ces derniers ou les
proportions en bactéries qui le composent. Le but de ces améliorations serait dans un premier
temps de ne plus causer de mortalité lors des stades larvaires, mais cela pourrait évoluer vers la
recherche d'effets bénéfiques supplémentaires, tels que I'amélioration de la croissance ou de

résistances contre un spectre plus large d'agents pathogenes.

Comme discuté précédemment, il serait également intéressant d'étudier les mécanismes
épigénétiques mis en place a la suite de cette exposition microbienne lors des stades larvaires.
De plus, il serait judicieux de réaliser des reproductions d'huitres ayant acquis un phénotype de
résistance a la suite de 1'exposition microbienne et de soumettre cette descendance a des tests

infectieux afin de déterminer si le phénotype de résistance se transmet a la génération suivante.

Concernant les effets bénéfiques conférés par 1'exposition a des bactéries possédant des effets

antagonistes, nous avons pu démontrer également un effet protecteur contre la maladie du
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POMS et V. aestuarianus. Cependant, ces effets sont observés immédiatement apres
I'exposition aux bactéries. Il sera donc nécessaire de réaliser des essais sur des périodes plus

longues afin de déterminer la persistance de ces effets bénéfiques chez les huitres.

Il serait également intéressant de cribler la collection de bactéries pour des activités
antibactériennes dirigées contre d'autres bactéries pathogenes affectant des especes d'intérét
aquacole, voire méme affectant I'Homme. La caractérisation des molécules a activité
antibactérienne sera également un élément pouvant apporter d'autres solutions alternatives de
lutte contre les agents pathogenes affectant I'huitre C. gigas, mais également d'autres especes.
Lorsque des molécules auront été identifiées, il pourrait également €tre intéressant de les tester

pour des activités antivirales et antifongiques.

La recherche de bactéries dans la collection possédant des activités de quorum quenching
pourrait également permettre de trouver de nouveaux candidats probiotiques capables de
bloquer la virulence de certains pathogenes. Elle pourrait également permettre d'identifier des
biomolécules actives contre la formation de biofilms, avec de nombreuses applications

potentielles dans la lutte contre 1'encrassement biologique (biofouling).

Enfin, la collection de bactéries générée au cours de cette these pourrait tre criblée pour des
champs d'activités plus larges, avec par exemple la recherche de bactéries capables de dégrader

des composés chimiques tels que des pesticides ou les filtres UVs.
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Conclusion

L'ensemble des résultats obtenus lors de ce travail de these ont permis de démontrer
I'importance du microbiote et de certaines bactéries qui le composent pour la santé de leur hote,
I'huitre du Pacifique Crassostrea gigas. Cet effet bénéfique passe par des interactions entre
I'hote et les microorganismes de son microbiote, mais aussi entre les microorganismes eux-

mémes. Deux types de mécanismes ont pu étre mis en évidence au cours de cette these.

Le premier mécanisme, qui est celui de I'éducation microbienne, a permis lors d'une interaction
entre des microorganismes et des larves d'huitres de moduler le systeme immunitaire des huitres
de facon durable. Cette approche novatrice permet de renforcer 1'immunité des huitres sur le
long terme, offrant ainsi une protection contre la maladie du POMS ou la bactérie pathogene

Vibrio aestuarianus.

Le second mécanisme mis en évidence dans ces travaux de theése repose sur les interactions
antagonistes entre des bactéries naturellement présentes dans le microbiote et les bactéries
opportunistes liées a 1'étape de la dysbiose lors de la maladie du POMS ou la bactérie pathogene
V. aestuarianus. Cette approche offre également de nouvelles perspectives prometteuses dans

la lutte contre ces infections dévastatrices pour la filiere ostréicole.

La collection de bactéries générée au cours de ces travaux de these constitue également une
source prometteuse de bactéries ayant des applications étendues, allant de la recherche de
probiotiques avec des propriétés immunostimulantes, antibactériennes ou de quorum
quenching, ou encore la recherche de biomolécules servant a la lutte contre 1’encrassement

biologique ou la dégradation de composés chimiques.

Ainsi, ce travail de these a démontré I'importance des interactions hotes-microbiote dans la lutte
contre les pathogenes chez I'huitre du Pacifique Crassostrea gigas et apporte des solutions
d'applications novatrices ouvrant la voie a une nouvelle gestion des maladies infectieuses dans

la filiere ostréicole, contribuant ainsi a la durabilité de cette activité.
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Protective effect of bacteria isola

microbiota of the Pacific oyster Crassostrea gigc
against OsHV-1 uVar and Vibrio aestuarianus infections

Dantan L.}, Toulza E.1, Gueguen Y.2, Degrémont L.3, Morga B.3, Vidal Dupiol J.1, Petton B.%, Fleury Y.5, I H P E
Mege M.?, Maurouard E3, Allienne J-F.!, Courtay G*, Romatif 0.1, Carcassonne P, Cosseau C.1 Interactions Hosts Pathogens Environments

L |HPE, Univ. Montpellier, CNRS, Ifremer, Univ. Perpignan Via Domitia, Perpignan France
2 MARBEC, Univ Montpellier, CNRS, Ifremer, IRD, Séte, France

< \fremer, SG2M, LPGMM, La Tremblade, France Contacts: luc.dantan@univ-perp.fr
+ |fremer, UBO CNRS IRD, LEMAR UMR 6539 Argenton, France
* Univ Bretagne Sud, Univ Bretagne Occide , Lab Biotechnol & Chim Marine, EA3884, F-29334 Quimper, France
Recently, marine diseases have increased in frequency and severity. One of the most striking examples of ife stage Juvenlle Adult
devastating diseases is the Pacific Oyster Mortality Syndrome {POMS) caused by the ostreid herpes virus 1 pVar :
{OsHV-1 pVar) that emerged in 2008 and which heavily impacts Crassostrea gigas production worldwide by ” w

affecting juvenile oysters [1]. Adult oysters are also regularly affected by infectious diseases, especially infections by

bacterial species of the genius Vibrio such as V. aestuarianus [2]. Wortalities -
= The present work aims at finding sustainable strategies to help fighting against these infectious diseases @ -
through the use of the natural capacities resulting from C.gigas associated microbiota . Pathazeny e e

Creation of a collection of bacteria from the natural microbiota of oysters that have resisted to an infectious event

'y _
]

A collection of 328

)
bacteria was created
1 5 oysters, aged 12 to 18  — E sy 7 3
. . months, randomly collected, The oyster shred is then diluted . el az © ': are = e;
2 Sampling campaign: per site, per campaign and spread on Marine Agar RS BT
= February 2020
= November 2020

Does the cultivated bacteria isolated from the natural C. gigas microbiota increase disease resistance through:
- Animmunomodulation induced after an interaction during larval stages ?
- An antagonist effect against pathogens due to antimicrobial compounds production ?

2 mix of bacteria added during the larval stages results 1 and 3 antimicrobial producing bacterial strains added
in improved survival against OsHV-1 pVar through an during juvenile stage leads to an increase in C. gigas
immunomodulatory effect. survival against OsHV-1 uVar and Vibrio aestuarianus

respectively.
{ 9 Mortalitv 328 bacterial strains of 78 strains of the collection have
—_— —
= L monitorng the collection was tested =  antibacterial activity against
for antibacterial activity pathogenic bacteria of oysters

& ¢ ; <
\.// ar “:\L 5 of them have been

- = ;
V. gestuarianus selected to be administered
= ’ OSHVfl uVar individually to oysters as
Mix of probiotics ~\f Mortalit — ' pro®isurcandiints
1 ortality W ¥
candidates i monitoring : "/
T oo R
™ OSHV-1 pvar V. gestuoricnus
- B e B Fa e =
i Ele 2
\.. " . . n L . —
Conclusion : Future Work :

= Investigating immunostimulatory mechanisms by RNAseq

= |nvestigating the impact of probiotic candidates on their host
microbiota by 165 metabarcoding

= Characterize the chemical molecules active against oyster pathogens

It is possible to fight against oyster pathogens by using the
immunostimulant and/or antibacterial properties of bacteria
from oyster microbiota
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Abstract

oabstract in this section

Background: The interaction of organisms with their surrounding microbial communities influences many biological
processes, a natable example of which is the shaping of the immune system in early life. In the Pacific oyster, Cras-
sostrea gigas, the role of the environmental microbial community on immune system maturation — and, importantly,
protection from infectious disease — is still an open question.

Results: Here, we demonstrate that early life microbial exposure durably improves oyster survival when challenged
with the pathogen causing Pacific oyster mortality syndrome (POMS), both in the exposed generation and in the
subsequent one. Combining microbiota, transcriptomic, genetic, and epigenetic analyses, we show that the microbial
exposure induced changes in epigenetic marks and a reprogramming of immune gene expression leading to long-
term and intergenerational immune protection against POMS.

Conclusions: We anticipate that this protection likely extends to additional pathogens and may prove to be an
important new strategy for safeguarding oyster aquaculture efforts from infectious disease. tag the videobyte/vide-

Keywords: Oyster, Aquaculture, Microbiota, Innate immune shaping, Epigenetic, DNA methylation

Background
Interactions of hosts with their associated and surround-
ing microbial communities can have deep implications
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for host fitness [1-3]. Notably, the natural microbial envi-
ronment contributes to the maturation of the immune
system and to the establishment of mechanisms for path-
ogen recognition and protection. Disruption of balanced
host-microbiota interactions results in various immune
and systemic disorders [4—7]. In vertebrates, many stud-
ies have emphasized the critical role of microbial colo-
nization during early developmental stages to durably
imprint the immune system [5, 8, 9]. This early life biolog-
ical embedding predicts that exposure to nonpathogenic
microorganisms or their metabolites can reprogram

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit httpy/creativecommons.org/licenses/by/4.0/, The Creative Commons Public Domain Dedication waiver (httpy//creativeco
mmens.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
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the threshold and function of innate immune responses
[8, 10, 11] to confer increased and persistent immuno-
competence, echoing the emerging concept of “trained
immunity” This concept proposes adaptive properties of
innate host-defense mechanisms, whereby innate immu-
nity can retain “memory” of earlier challenges, enabling
a more efficient response and increased survival capac-
ity to subsequent pathogen assaults [12—15]. While many
studies have examined the molecular mechanisms that
support the trained immunity in the mammalian context,
especially the implication of epigenetic-based events, lit-
tle is known about how these ideas may extend to the less
specific and systemic impact resulting from the micro-
biota interaction.

The present study focuses on the Pacific oyster Cras-
sostrea gigas, which represents one of the most impor-
tant marine invertebrate aquaculture species in the
world. As filter feeders, oysters interact with a rich
microbial environment composed of commensal and
pathogenic microorganisms that continuously challenge
their immune system [16-18]. C. gigas immune system
is set up early during the development [19, 20], and this
raises the question of the role played by these surround-
ing microbial communities during early development
on oyster physiology and immunity. Despite the lack of
memory lymphocytes, C. gigas possesses potent immune
cells called hemocytes which are able to induce efficient
innate immune responses based on highly conserved
immune features among which the NF-xB and IFN-like
pathways [21]. Recent studies have also shown that oys-
ter immune system can be stimulated to improve their
immune response toward bacterial or viral pathogens
[22, 23]. Oysters exposed to killed Vibrio bacteria exhibit
a stronger immune response at cellular and molecular
levels promoting an enhanced hemocyte phagocytosis
and cell regeneration upon secondary infection with live
bacteria [22, 24]. In addition, oyster stimulation with a
viral mimic (poly(I:C)) induces an efficient long-term
and sustainable antiviral response mainly carried by IFN-
like pathways which improves the subsequent resistance
and survival of oysters during a viral infection by OsHV-
1. Interestingly, this improvement could be maintained
across generations [25].

C. gigas suffers mass mortalities that affect juvenile
stages, decimating up to 100% of young oysters in French
farms. In recent years, this mortality syndrome, called
Pacific oyster mortality syndrome (POMS), has become
panzootic, being observed in all coastal regions of France
and numerous other countries worldwide [26]. POMS
is a polymicrobial and multifactorial disease, with biotic
and abiotic factors influencing the disease outbreak [27].
The central role of a herpes-like virus, OsHV-1-pvar, in
POMS has been demonstrated; viral infection triggers
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an immune-compromised state that induces microbiota
dysbiosis and subsequent bacteremia caused by oppor-
tunistic bacteria, ultimately leading to oyster death [28].

Recent reviews have suggested that environmental
manipulation could be used to produce a desired phe-
notype and could be applied to critical issues in aqua-
culture [29-31]. Others have highlighted the potential of
hologenomics for application in animal production [32].
Furthermore, it has been recently reported that [33—35]
organisms are much more sensitive to environmental
cues during early stages of development rather than in
adulthood or later stages in life [33—35]. In the context of
these emerging insights, we raised the question whether
a nonpathogenic environmental microbiota exposure
during C. gigas early larval development could shape the
immune system to change their susceptibility to an infec-
tious disease like POMS. We found that oyster lineages
that were exposed to a microorganism-enriched envi-
ronment in early life had a markedly increased survival
rate when challenged with POMS in later life as well as in
the subsequent generation. Concomitantly, we sampled
these oysters and characterized their bacterial microbi-
ota, transcriptomic response, and genetic and epigenetic
profiles. We showed that the microbial exposure caused
a significant and long-lasting shift in the oysters’ resi-
dent microbiota and strongly modified the expression of
immune-related and metabolic genes. We further identi-
fied epigenetic signatures that may underlie the durable
effect of the early life microbial exposure. These findings
open new avenues for the development of microbiome-
targeted prophylactic approaches to mitigate diseases of
invertebrates of economic importance.

Methods

Zootechnics and production of the two oyster generations
Ovyster reproduction was conducted at the Ifremer
facility (Argenton and Bouin, France) at bio-secured
conditions by filtration and irradiation of seawater as
previously described [28, 36]. The FO generation has been
produced from a biparental reproduction with one male
and one female of the same geographical origin (Fig. 1).
Among 15 families generated and analyzed during a pre-
vious project [28], family 32 (Fa.32) was chosen for its
intermediate sensitivity to the disease (56% of cumula-
tive mortality during Atlantic experimental infection).
Its genitors were collected in the delta of the “Vidourle”
river (lat 43.553906-long-4.095175) in a non-farming
area meaning that they have not passed through the
selective filter due to the infectious environment met in
farming area. In March 2016, adults were used to gener-
ate the F1 generation by multiparental reproduction. The
number of genitors (approximately 100) used for each
reproduction and fertilization success is shown in Table 1
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Fig. 1 Overall experimental design for larval microbial exposure and reproduction of C. gigas. Biparental reproduction was performed to generate
the family 32 (selected during the ANR decipher project, see [28]). The family 32 was chosen for its intermediate susceptibility to the POMS disease.
The F1 generation was generated in March 2016 by full-sibmultiparental reproduction. Just after fertilization, the ayster larvae were exposed to

a hatchery environment (filtered and UV-treated control seawater = control seawater, blue color) or to a natural microbe-enriched environment
(microorganism-enriched seawater = ME seawater, pink color). The microorganisms used to enrich the seawater came from donor oysters that
acquired their microbicta in the field during a POMS-free period (T° < 16 °C, no OsHV-1). The doner oysters were transferred from the field site to
the hatchery and placed upstream of the breeding pipes (3 replicates per condition) in order to transmit their microbiota to recipient larvae via
seawater flux, This exposure started 2 h after FO gametes fecundation and lasted for 10 days. During exposure, donor oysters were renewed three
times. This experimental design aimed at mimicking the microorganism-rich seawater that is met in natural environment. After 10 days, both
ME-exposed and control oysters were raised in standard hatchery conditions (filtered and UV-treated hatchery seawater). Additionally, both control
and ME-exposed oysters were used to perform multiparental reproduction and generate the F2 generation. The F2 progeny was raised in standard

Table 2) and for a pathogen challenge assay at juvenile stages (survival assay, 120 days after fertilization). Red stars indicate seawater sampling for
165 amplicon sequencing analysis, and blue stars indicate seawater sampling for cultivable bacterial analysis

conditions with control seawater. Samples were taken all along the life of the F1 and F2 oysters for molecular biology analyses (see Additional file 1:
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of Additional file 1. Fertilization was performed in 5 L
of filtered and UV-treated seawater at 21 °"C without
renewing the seawater. After 2 h, fecundation rate was
recorded (Additional file 1: Table 1), and oyster embryos
were transferred into breeding pipes for larval rearing.
An open flow system which allows for constant renewal
of the seawater was used for optimized larval rearing. At
this point, the embryos were separated into two groups
(Fig. 1); the microorganism-enriched seawater-exposed
group (ME-exposed) in which oysters were exposed to a
nonpathogenic natural microbiota right after fecundation
for 10 days and the control group (control) in which oys-
ter larvae were raised in filtered and UV-treated seawater.
For ME seawater exposure, pathogen-free donor oysters
(NSI for “Naissains Standardisés Ifremer” or “standard-
ized spats from Ifremer”) were used as described in Pet-
ton et al. [36—38]. These NSI donor oysters were placed
in March 2016 in a farming area (“Rade de Brest, Pointe
du chateau,” France, Atlantic Ocean-lat. 48.335263-long-
4.317922) during a POMS-free period (water tempera-
ture < 16 °C, no mortality registered in the field, https://
wwz.ifremer.fr/observatoire_conchylicole/Resultats-par-
annee/Resultats-nationaux-2016/Mortalite-par-site-et-
par-classe-d-age) allowing them to adopt the microbial
environment. At this period of the year, the temperature
(14 °C) was below the threshold for disease induction and
the NSI donors are expected to be pathogen-free [39, 40].
These healthy NSI donors were then transferred back to
the laboratory and placed in tanks upstream of the breed-
ing pipes of the “ME-exposed” F1 larvae. Seawater was
flowing from the tank of the donor oysters to the recipi-
ent F1 larvae to expose them to the ME seawater. This
allowed the transmission of microbiota from donor oys-
ters to recipient larvae via water flow (Fig. 1). This ME-
exposed condition was designed to mimic the microbial
condition that the oyster larvae face in their surrounding
natural environment in nature compared to the hatchery
control condition. The exposure lasted for 10 days, and
donor oysters were replaced 3 times during that period
(batch 1 placed at day O, batch 2 at day 3, and batch 3 at
day 7). Each NSI-donor batch had a total biomass of 1000
g containing individual oysters with a mean single weight
of 0.17 g. Following the 10 days of exposure and the rest
of their life until next reproduction, both groups (ME-
exposed and control oysters) were maintained in control
conditions. In March 2017, roughly 80 to 100 genitors
were used for each reproduction (numbers and fertili-
zation success are indicated in Table 1 of the Additional
file 1). After fertilization, the F2 oysters were all raised in
the same standard hatchery conditions. No exposure was
performed on this F2 generation. For both F1 and F2 gen-
erations, samples were taken throughout the life span of
the oysters for omics analyses (see Table 2 of Additional
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file 1 for details), and a phenotypic assay (survival test)
was performed at day 120 when the oysters reached the
juvenile stage.

Seawater quality control

Seawater was collected upstream of the recipient oys-
ters’ breeding pipes for control and ME seawater (see
Fig. 1 for water sampling position). A total of 3L, 2 L,
and 0.25 L seawater samples were filtered on 10 pm, 0.8
pm, and 0.2 um pore size filters, respectively (What-
man'", Nucleopore™ Track-Etch Polycarbonate Mem-
brane, 47-mm filters; ref. 111115 — 10 pm; ref. 111109
— 0.8 um; ref. 111106—0.2 pm). Filtrates were analyzed
by subsequent qPCR analysis targeting the bacterial
16S rDNA gene for total bacterial analysis. For total
bacterial cultivable analysis, seawater was collected
inside each tank of control and ME seawater, every day
during the exposure (see Fig. 1 for water sampling posi-
tion). A total of 100 pL of subsamples of seawater were
spread on marine agar Petri dishes (1:10 dilution) that
were incubated at 21 °C for 6 days before counting the
number of total bacterial colony-forming units (CFUs).

Field and ecologically realistic experimental infections

For the F1 and F2 generations, at day 100, ME-exposed
and control juveniles and offspring of ME-exposed
and control juveniles were brought back from Bouin
Ifremer facility to Argenton and placed in controlled
environment to be acclimatized 3 weeks before disease
induction. On day 120 (Table 3 of the Additional file 1),
the juvenile oysters from both ME-exposed and control
conditions (or their offspring) were subjected to an eco-
logically realistic experimental infection (Fig. 1 of the
Additional file 1) as described in [28, 36]. The weight
of recipient and donor individuals used per condition is
indicated in Table 3 of the Additional file 1. During this
experimental infection, cumulative mortality was mon-
itored every 12 h for up to 15 days for both donors and
recipients for both generations. In parallel, oysters were
placed in a farming environment (farming area in “Log-
onna Daoulas,” lat 48.335263—long—4.317922) dur-
ing the disease outbreak. As soon as the first mortality
appeared in this area, the dynamic of mortality was
monitored daily for 3 weeks and then every 2 weeks
until the end of September, when seawater temperature
is below 16 °C. Two-hundred and 100 individuals per
condition were used for field disease monitoring for the
F1 and F2 generation, respectively.
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Survival curves

Statistical data analysis on survival data was carried out
in (GraphPad Prism for Windows, GraphPad software, La
Jolla, USA). Survival rates were represented as Kaplan-
Meier curves. Significant differences in survival rates
between conditions were evaluated using a log-rank test.

DNA and RNA extraction

Juvenile oyster pools were ground in liquid nitrogen in
50 ml stainless steel bowls with 20 mm-diameter grinding
balls (Retsch MM400 mill). These oyster powders (stored
at —80 °C) were then used for RNA and DNA extractions
as previously described [28]. Genomic DNA from pow-
dered oyster tissues or pools of 10,000 to 20,000 frozen
larvae was extracted with the NucleoSpin Tissue kit from
Macherey-Nagel (reference 740952.250) according to the
manufacturer’s protocol with an additional step of RNA-
seA treatment (Macherey-Nagel, cat. #740505). Prior to a
90-min enzymatic lysis, an additional 12 min mechanical
lysis (Retsch MM400 mill) was performed with zirconia/
silica beads (BioSpec). DNA concentration and purity
were checked with a NanoDrop ND-1000 spectrometer
(Thermo Scientific) and QuBit 2.0 Fluorometer Invitro-
gen (Life Technologies Corporation).

Total RNA was extracted from oyster powders (10 mg)
or pools of 10,000 to 20,000 frozen larvae. Samples were
homogenized in 1500 pl of Tri-Reagent (Zymo Research;
ref. R2050-1-200). Prior to extraction, insoluble materials
were removed by centrifugation at 12,000 x g for 10 min
at 4 °C, and supernatant was incubated with 0.2 volumes
of chloroform at room temperature for 3 min. After cen-
trifugation at 12,000 x g for 15 min at 4 °C, total RNA
recovered from the aqueous phase was extracted using
the Direct-Zol™ RNA Miniprep kit (Zymo Research; ref.
R2052) according to the manufacturer’s protocol. RNA
concentration and purity were checked with NanoDrop
ND-1000 spectrometer (Thermo Scientific), and its integ-
rity was analyzed by capillary electrophoresis with a Bio-
Analyzer 2100 (Agilent).

Bacteria and virus detection and quantification

Detection and quantification of OsHV-1 and total bacte-
ria were performed using quantitative PCR as previously
described [28]. For quantification of total bacteria in sea-
water, we used relative quantification normalized by the
volume of filtered seawater (3 L, 2 L, or 0.25 L), and then
relative proportions in each fraction (10 pm, 0.8 um, and
0.2 pm pore size filters) were added together to obtain
the overall quantification.

16S barcoding analysis
Samples used for microbiota analyses are indicated in
Table 2 of the Additional file 1. For each time point, 3
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biological replicates were used. For each sample, 16S
rDNA amplicon libraries were generated targeting the
variable V3V4 loops for bacterial communities [41].
Paired-end sequencing with a 250-bp length was per-
formed at the McGill University (Génome Québec Inno-
vation Centre, Montréal, Canada) for F1 generation and
in Perpignan University (platform “bio-environnement,’
Perpignan, France) for the F2 generation on a MiSeq
instrument (Illumina).

The bioinformatic pipeline for barcoding data treat-
ment is represented in Fig. 2 of the Additional file 1.

Community analysis was performed on R software
(R Core Team, 2013) using the phyloseq package [42].
Rarefaction curves of species richness were produced
using the rarefy-even-depth and ggrare functions [42].
One-way ANOVA or nonparametric Kruskal-Wallis
test (when the normality of residuals was rejected (Sha-
piro test)) was used to compare alpha diversity indices
between conditions. When the ANOVA or Kruskal-Wal-
lis tests were significant, we performed pairwise com-
parisons between group levels with the pairwise f-test
or the Dunn test (post hoc analyses) using Bonferroni
corrections for multiple testing. The significance thresh-
old was set at 0.05 for all analyses. Principal coordinate
analyses (PCoA) were computed to represent dissimi-
larities between samples using the Bray-Curtis distance
matrix (beta diversity). Multivariate analysis of variance
was tested using 999 permutations (adonis2 and betadis-
per from vegan package [43]). To compare the propor-
tions for each genus between ME and control seawater
or between ME-exposed and control oysters at day 2,
we used the table of sum of sequences. We performed
the analysis on the counts per sample of OTUs. Since we
have three filter sizes for the water samples, we calculated
the mean of the total read counts for the three filter sizes
per genera. We used DESeq2 to identify the genera that
exhibited a significant difference in their relative abun-
dance in ME vs. control seawater or in ME-exposed vs.
control oysters [44].

In order to identify bacterial taxa which were signifi-
cantly overrepresented in the microbial community of
the ME-exposed or control oysters sample, the “LDA
Effect Size” (LEfSe) method [45] was used with a nor-
malized relative abundance matrix. This method uses
a Kruskal-Wallis followed by Wilcoxon tests (p-value <
0.05) and then perform a linear discriminant analysis
(LDA) and evaluate the effect size. The taxa with a LDA
score greater than 2.0 were considered as biomarkers of
exposure. A separate analysis was performed for larvae
(pooled day 2 and day 10 samples) and juveniles (pooled
samples for day 58 and day 120 HO) because of the

strong developmental effect on bacterial composition. To
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increase the statistical power, samples of the F1 and F2
generation have been pooled.

Transcriptome analysis (RNA-seq)

Samples used for RNA-Seq analysis are indicated in
Table 2 of the Additional file 1. For each time point, 3
biological replicates were sequenced. RNA-Seq library
construction and sequencing were performed at McGill
University (Génome Québec Innovation Centre, Mon-
tréal, Canada) (http://www.genomequebec.com).
NEB mRNA-stranded libraries were constructed and
sequenced on a Hiseq 4000 (Illumina), in paired-end
reads of 2 x 100 bp. The bioinformatic pipeline for RNA-
seq data treatment is represented in Fig. 3 of the Addi-
tional file 1, and quality of the metrics is indicated in
Additional file 2. Functional annotation and enrichment
analysis were performed with RBGOA using an adap-
tive clustering and a rank-based statistical test (Mann-
Whitney Ul-test) combined to the adaptive clustering
[46]. “—log(gval)” (obtained from the Deseq2 analysis)
was used as input for the RBGOA analysis to represent
repressed or induced genes in ME-exposed compared to
control oysters. The R and Perl scripts used can be down-
loaded at https://github.com/z0on/GO_MWU [47]. Sig-
nificantly, enriched biological processes were expressed
as a ratio between the number of genes differentially
expressed divided by the total number of genes assigned
to that biological process and was represented in heat-
maps with MeV [48].

Because not all known C. gigas antimicrobial peptides
(AMPs) were present in the C. gigas reference genome
(assembly version V.9), read counts for all of the time
points were specifically obtained by alignment against
a protein database which contains the AMP sequences
using DIAMOND 0.7.9 [49], and a differential analysis
between ME-exposed vs. control oysters was performed
as previously described [28].

Genetic analysis

gDNA shotgun library construction and Hi-seq sequenc-
ing (Illumina, paired-end reads of 150 bp) were done at
McGill University (Génome Québec Innovation Cen-
tre). Bioinformatic pipelines used for genetic analysis are
described in Fig. 4 of the Additional file 1. A pool of 30
oysters was used to generate the genetic data. Quality
metrics are indicated in Additional file 2. Principal com-
ponent analyses (PCA) were generated with R software
(R Core Team, 2013) from the allele frequency matrix
using R packages “dplyr” [50], “tidyr” [51], “ggplot2” [52],
“ReolorBrewer” [53], and “mixOmics” [54, 55]. Evidence
for adaptive selection at each SNP was tested using the
FLK statistic [56], using a modification of the hapFLK
software [57] allowing to input allele frequencies instead
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of individual genotypes [58]. The FLK statistics were
computed based on the comparison of allele frequencies
in the exposed and control oysters. This analysis was per-
formed independently for the two generations, F1 and F2.
Distributions of FLK p-values were plotted with R. Signif-
icant SNPs were called at a false discovery rate (FDR) of
5%, 10%, 15%, and 20% following the approach of a previ-
ous study [59], implemented in the g-value R package.

DNA methylation analysis

Bisulfite conversion, BS-seq paired-end library construc-
tion, and sequencing were performed at McGill Univer-
sity (Génome Québec Innovation Centre). Sequencing
was performed on a HiseqX using 150 nucleotide paired-
end reads. Quality metrics are indicated in Additional
file 2. The bioinformatics pipeline for BS-seq analysis is
represented in Fig. 5 of the Additional file 1 and was per-
formed on the local Galaxy platform [60] (http://bioinfo.
univ-perp.fr). Differential methylation analyses were per-
formed with DMRseq package [61]. Since this software
is generally applied to vertebrate DNA methylation, the
parameters were optimized using the DMRsim package
in order to optimize the detection of true positives in our
dataset. The DMRsim package was used to simulate dif-
ferential methylation analysis on 180 DMRs artificially
generated out of a dataset containing 700,000 methyl-
ated CpG using a cutoff value of 0.01. The best param-
eters (blocksize = TRUE, minnumregion = 3, deltamax
= 0.25, bpspan = 1000, mininspan = 10, maxgapssmooth
= 2500, smooth = TRUE) allowed for detection of 50% of
true positives with 0% of false positives for a p-val < 0.05
in our dataset and were used for the differential methyla-
tion analysis. The R scripts used here can be downloaded
at https://github.com/ITHPE/DMRseq_wrapper. Statisti-
cally significant differentially methylated regions (DMRs)
were checked by visual inspection using the Integrative
Genomics Viewer (https://software.broadinstitute.org/
software/igv/). DMRs genomic positions were inter-
sected with the annotation of C. gigas genome version
9 [62] to identify DMRs that occurred within genes (dif-
ferentially methylated genes (DMGs)) and within pro-
moters (differentially methylated promoters (DMPs)).
The 42 kb region upstream of the transcription start site
was defined as the promoter position. DMGs were used
for functional annotation and enrichment analysis with
RBGOA. A binary analysis was applied: a 1 score and a
0 score were attributed to each statistically significant or
not significant DMG respectively, whatever the sense of
the change in methylation level. The R and Perl scripts
used here can be downloaded at https://github.com/
z00n/GO_MWU [47]. The following parameters were
used for the adaptive clustering: largest = 0.2; smallest
= 5; clusterCutHeight = 0.25. Statistically significantly
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enriched biological processes were classified manu-
ally into larger biological functions. Biological processes
were graphically represented using Multiple Experiment
Viewer (MeV). The color intensity represents the ratio:
number of genes differentially methylated divided by the
total number of genes assigned to that biological process.

Differential methylation for genes related to immune
functions belonging to IFN signaling pathway, JAK-STAT
pathway, nucleic acid recognition, and RNAi pathway
was graphically represented with MeV. The color inten-
sity represents the p-val obtained with the DMRSeq
analysis.

The number of heritable DMRs was determined using
bedtools intersect -a F2_DMRs.bed -b F1_DMRs.bed
-wo | wc —1. To test whether DMRs are inherited in a sta-
tistically significant manner, 5000 BED files with regions
of identical size and number of DMRs as for the F1 gen-
eration were generated and intersected with the F2 real
DMRs. Five-thousand bootstrapping tests of heritabil-
ity were performed by 5000 iterations of bedtools shuf-
fle -g cg9.len -i F1_DMRs.bed -maxTries 1000 that were
then used as the -b file in bedtools intersect. Mean value
and standard deviation were calculated for these 5000
intersections and were compared to the value that was
obtained from the real dataset. Standard deviation for
the real dataset was assumed to be the same percentage
as the one obtained on the shuffled data. Based on this
mean value and standard deviation, a t-test testing the
null hypothesis was performed, and the null hypothesis
was rejected if the absolute value of the statistical test
was greater than 3.090, a critical value expected for a
sample size above 100 (https://www.itLnist.gov/div898/
handbook/eda/section3/eda3672.htm).

Results

Exposing oyster larvae to microorganism-enriched sea-
water shifts their bacterial microbiota throughout their
life span and in the next generation.

To investigate whether the rich surrounding micro-
bial environment that oyster larvae face early in life
could influence the trajectory of the oyster immune
response, we developed an experimental setup to com-
pare the effects of control or microorganism-enriched
seawater environments during early larval development.
Pathogen-free larvae (F1 generation) were produced in
a bio-secured (filtered and UV-treated seawater) hatch-
ery. A subset of F1 larvae were exposed from 2 h to 10
days post-fertilization to a microorganism-enriched
environment by cohabitation with oysters transferred
from a natural environment during a POMS-free period
(microorganism-enriched seawater, ME seawater, Fig. 1).
As a control, a subset of F1 larvae were raised in bio-
secured conditions with no cohabitation or no microbial
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exposure (control seawater, Fig. 1). From 10 days onward,
both ME-exposed and control oysters were raised in the
same bio-secured conditions. A part of these two oys-
ter subsets were maintained in bio-secured conditions
and reproduced, 1 year later, to generate the F2 genera-
tion (Fig. 1). Between the ME and control oysters, we
observed equivalent developmental success and survival
rate in the F1 generation (Table 1 of the Additional file 3).
Moreover, the absence of OsHV-1 was confirmed for ME
and control oysters during exposure time. The nature of
the seawater treatments was evaluated by analyzing the
bacterial load and composition of the ME and control
seawater by qPCR targeting 165 rRNA genes and 16S
barcoding at day 2 post-fertilization. As expected, the
ME contained fivefold more total bacteria than the con-
trol seawater (unpaired #-test with Welch'’s correction, p
= 0.001) (Fig. 2a) and carried a more diverse microbiota
as evidenced by the Chaol index (ANOVA, p < 0.05)
(Fig. 2b). This trend was confirmed by plating the seawa-
ter sampled in each tank containing the recipient larvae
on marine agar, revealing that ME tanks contained 3.4
times more cultivable bacteria (16544 CFU/ml) than the
control seawater tanks (4916 CFU/ml) (Wilcoxon test: p
< 0.05) (Fig. 2c). This bacterial content in the breeding
pipe reflects what is met in natural seawater [63]. Alto-
gether, the ME condition was considered as an exposure
to a safe, microorganism-enriched environment that
mimics the natural seawater.

To test the immediate and long-term impact of early
ME exposure on the oyster microbiota, we analyzed
the bacterial community composition by 16S amplicon
sequencing in both F1 and F2 whole body oysters (Addi-
tional file 4). Differences in composition and diversity
were evidenced between ME-exposed and control oyster
larvae during the ME seawater exposure (Fig. 3a, Fig. 1
of the Additional file 3). Among the 41 genera that had
higher relative abundance in the ME-exposed larvae com-
pared to control larvae, 29 (70%) were also more highly
represented in the ME seawater (Fig. 4, Additional file 5).
Conversely, among the 33 genera that make up a higher
proportion in the control compared to ME-exposed oys-
ters, 18 (54.5%) were also more represented in the control
seawater, strongly suggesting that the microorganisms
from the ME seawater colonized the oyster larvae during
the exposure.

Dissimilarity analysis, based on the Bray-Curtis index,
showed that the oyster microbiota profiles clustered first
by developmental stage (Fig. 2 of the Additional file 3)
and then by treatment (Fig. 3a to d). This analysis indi-
cated that the microbiota composition of ME-exposed vs.
control oysters was significantly different, not only dur-
ing the exposure (Fig. 3a, permutation test p-val = 0.002)
but also several months later during the F1 juvenile stage
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Fig. 2 Donor oysters enriched microbial content of the seawater. a Bacterial 165 relative quantification (y-axis) of the control (blue) and ME
seawater (purple) at day 2 of the exposure (x-axis). *Represents statistical significant differences between conditions: unpaired t-test with Welch's
correction, p-val = 0.001. b The Chao1 index (y-axis) from 165 barcoding analysis performed on the bacterial community of the control seawater
(blue) and ME seawater (purple) sampled at day 2 of the exposure (x-axis). *Represents a statistically significant change in Chao1 index in the ME
compared to the control seawater, i.e, ANOVA, p-val < 0.05. ¢ Bar graph of cumulative CFU per mL (y-axis) of cultivable bacteria sampled in seawater
until day 10 in the three tanks used in the control seawater (blue) and ME seawater (purple) (x-axis). *Represents a significant statistical difference in
the ME compared to the control seawater, i.e, Wilcoxon test, p-val < 0.05

(Fig. 3b permutation test p-val = 0.005) as well as dur-
ing larval and juvenile stages of the F2 generation (Fig. 3¢
and d, permutation test p-val = 0.001 and 0.005, respec-
tively). We further performed a differential analysis based
on OTU relative abundance in order to identify bacteria
which would be overrepresented in the microbiota of

the ME-exposed or control oysters in both generations.
We found 31 and 16 taxa showing statistically significant
overrepresentation in the ME-exposed and control oys-
ters respectively at larval stages and 8 and 7 taxa showing
statistically significant overrepresentation in the ME-
exposed or control oysters respectively at juvenile stages
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Fig. 3 Long-lasting modification in C. gigas microbiota composition occurred following exposure to microorganism-enriched seawater. Principal
coordinate analyses (PCoA) representing dissimilarities between samples using the Bray-Curtis distance matrix performed on 165 barcoding data
obtained from oysters'larvae (a, ¢} sampled at day 2 (D2, dots) and day 10 (D10, triangles) and from juvenile oysters (b, d) sampled at day 58 (D58,
dots) and day 120 (D120H0, triangles) for generation F1 (a, b) and F2 (¢, d). Differences between ME-exposed (pink) and control (blue) oysters were
statistically significant for both larval (days 2 and 10) (p-val = 0.005 for F1; p-val = 0.001 for F2) and juvenile oysters (days 58 and 120) (p-val = 0.002;
p-val = 0.005) from both generations

(Fig. 3 of Additional file 3 and Additional file 4). Gender
detected in larvae which are associated with increased
resistance in both generations are as follows: Marinibac-
terium, Halodesulfovibrio, Cyclobacteriaceae, Marino-
bacterium, Psychroserpens, Pelagibaca, Ekhidna, Kordia,
Crocinitomix, Lacimonas, Changchengzhania, Massilia,
Olleya, Leisingera, Vitellibacter, Octadecabacter, and
Shewanella. Gender detected in juveniles which are asso-
ciated with increased resistance in both generations are
as follows: Neptunomonas, Cobetia, and Sphingoauran-
tiacus. None of the OTU enriched in ME-exposed larvae
is found also enriched in ME-exposed juveniles, which
underline that there is a microbiota signature specific in
each stage that may be responsible for increased survival.

Taken together, this barcoding analysis clearly indi-
cated that the oyster microbiota significantly shifts across
developmental stages, but despite this strong develop-
mental effect, the ME seawater exposure during larval
stages induced a persistent modification of the oysters’

bacterial microbiota composition that even persisted in
the subsequent generation.

Early life microbial exposure primes intergenerational
immunity against Pacific oyster mortality syndrome

To test whether ME exposure of oyster larvae can pro-
duce a long-term impact on their resistance to disease,
we conducted an ecologically realistic experimental
infection mimicking the Pacific oyster mortality syn-
drome (POMS) on juvenile oysters from F1 and F2
generations (Fig. 1 of the Additional file 1) [28, 36]. The
number of surviving oysters was monitored for 300 h,
while oyster OsHV-1 load was measured before the
onset of the mortalities (Fig. 5). The increase in virus
load during the first 48 h confirmed successful infec-
tion. The viral load was significantly lower in the ME-
exposed oysters or their offspring compared to the
control lineage (p-val of two-way ANOVA with Bonfer-
roni’s correction for multiple comparisons test: p-val <
0.01) (Fig. 5a and b). Consistent with these results, we
observed that ME-exposed oysters had a better survival
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Fig. 4 The bacterial taxonomic profile of microorganism-enriched seawater and recipient oysters indicates microbial colonization from seawater.
aVenn diagram indicating the number of genera which displayed a higher representation in ME vs. control seawater (centered light pink circle, n
= 57) which are common to the genera which displayed a higher representation in the ME-exposed compared to control oysters (left pink circle,
n = 41) or vice versa (right blue circle, n = 33). b Venn diagram indicating the number of genera which displayed a higher representation in control
vs. ME seawater (centered light blue circle, n = 89) which are common to the genera which displayed a higher representation in the ME-exposed

significant differences were identified with DESeq2

compared to control oysters (left pink circle, n = 41) or vice versa (right blue circle, n = 33). Comparison of the total read count for each bacterial
genus in ME-exposed vs. control oysters and in ME vs. control seawater was performed on samples of day 2 of the F1 generation. Statistically

rate compared to controls in both F1 (66.3% vs. 57.4%,
log-rank test, p-val < 0.05) and F2 generations (31.4%
vs. 18.4%, log-rank test, p-val < 0.0001) (Fig. 5¢ and d,
respectively). These results were confirmed in a paral-
lel field infection test conducted with oysters from both
F1 and F2 generations (F1: 16.4% vs. 14%, log-rank test,
p-val < 0.001, F2: 8.5% vs. 1%, log-rank test, p-val <
0.0001) (Fig. 4 of Additional file 3).

No evidence for genetic selection as the mechanism

of increased immune capacity

We investigated if a genetic selection could have occurred
through ME exposure and would have selected more
resistant oysters based on specific allele associations.
To this end, we evaluated genome-wide SNP allele fre-
quencies in juvenile oyster samples using whole genome
sequencing (WGS). Principal component analysis (PCA)
of these data showed little genetic divergence between
the ME-exposed vs. control oysters for the F1 and F2
generations (Fig. 6a). Next, we conducted a genome scan

comparing allele frequencies in ME-exposed vs. control
oysters using the FLK test to interrogate any signals of
positive selection. The FLK statistic considers genome-
wide allele frequency data in a set of populations and
aims at detecting positions where genetic differentiation
between these populations is higher than expected under
neutral evolution. It returns for each SNP a p-value allow-
ing to reject or accept neutrality. In the case of genetic
selection on some SNPs, an excess of low p-values is
expected. No such excess was detected here, revealing an
absence of genetic selection between exposed and con-
trol lines for the F1 and F2 generations (Fig. 6b). Further-
more, no significant SNPs could be detected based on a
FDR value below 0.05 (even below 0.15 for F2, Table 2 of
the Additional file 3). This absence of genetic selection
is consistent with the fact that the survival rate of ME-
exposed larvae was not significantly lower than of con-
trol larvae (Table 1 of the Additional file 3). Altogether,
these findings indicate that genetic alterations are not
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Fig. 5 Oysters exposed to microorganism-enriched seawater and their offspring displayed enhanced survival when challenged with POMS, a and b
Quantification of OsHV-1 DNA (y-axis) during experimental infection (in hours = x-axis) in ME-exposed (pink line) and control (blue line) oysters for
generation F1 (a) and generation F2 (b). p-value of two-way ANOVA with Bonferroni's multiple comparisons test is indicated. ¢ and d Survival curves
of oysters (y-axis) during experimental infection (in hours = x-axis) in ME-exposed (pink line) and control (blue line) oysters for generation F1 (c) and
generation F2 (d). p-val of log-rank test and final survival percentage for each condition are indicated on each survival curve

responsible for the increased resistance among the ME-
exposed oyster lineage.

Upregulation of immune-related and other transcripts

in microbially exposed oyster lineages

Next, we asked whether ME exposure impacted oyster
gene expression by performing transcriptomic analy-
ses on larvae and on juveniles just before and during
the POMS disease breakouts for both F1 and F2 oys-
ters. During ME exposure in the F1 larval stages, we
observed a large shift in gene expression (3410 and 1100
DEGs at days 2 and 10) (Table 3 of the Additional file 3
and Additional file 6). However, the difference in gene
expression between ME-exposed and control oysters

is much more nuanced at juvenile stages (35 DEGs at
day 120). These observations were similar to what we
observed in the F2 generation (6029 DEGs at day 10 and
120 DEGs at day 120).

To investigate which biological processes are modu-
lated by ME exposure, we performed a rank-based gene
ontology analysis (RBGOA; false-discovery rate [FDR]
< 0.01) (Additional file 7). The broad gene expression
shift in larval oysters encompassed many functional
annotations, including general cellular process, metabo-
lism, response to environmental stimulus, infection and
immune response, transcription and gene expression,
development, cell fate, RNA process, translation and
protein processing, signal transduction, and transport.
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Fig. 6 Larval exposure to microorganism-enriched seawater did not result in genetic selection. a PCA of genome-wide SNP allele frequencies in FO
female (orange) and male (yellow) gametes (star) leading to generation F1 and from F1 (square) and F2 (triangles) generations of the control (blue)
and ME-exposed (pink) lineages. b Histogram of p-val obtained when comparing allele frequencies between the ME-exposed and control oysters
using the FLK test, for generations F1 (left) and F2 (right). P-val was plotted using R. Each sample included 30 pooled juvenile individuals sampled at
day 120

In juvenile oysters of both generations, upregulation
of genes involved in responses to external stimuli and
immunity persisted from the larval stage, suggesting a
potential role for these genes in mediating resistance to

POMS at the time of infection. During POMS disease
onset at the juvenile life stage, we observed a strong over-
representation of immune functions, especially in the
F2 generation (Fig. 7b). Analysis of the individual genes
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ratios indicate an under-represention of a function (blue on the heatmap). c and d A special focus on genes encoding antimicrobial peptides that
are differentially expressed between ME-exposed and control aysters (¢) and between offspring of ME-exposed and offspring of control oysters for
generation F2 (d). The heatrmap depicts the log2FC of significant DEGs obtained according to the diamond bioinformatic pipeline. Overexpressed
and underexpressed AMP-related genes are represented by yellow or blue color, respectively. In the F1 generation, analysis have been performed
on oysters sampled during the exposure at day 2 (F1-D2) and day 10 (F1-D10), at juvenile stage just before the disease induction (F1-D120H0) and
during the disease process after 6 and 12h of disease induction (F1-D120H6, F1-D120H12). In the F2 generation, analysis has been performed in
larvae at day 10 (F2-D10), just before the disease induction (F2-D120H0) and during the disease process after 3, 6, and 12h of disease induction

driving this enrichment revealed gene families typi-
cally involved in microbial-associated molecular pattern
(MAMP), recognition (PGRP, lectins, scavenger recep-
tors, TLR, RLR, macrophage receptor), innate immune
pathways (components of IFN-TLR-JAK/STAT pathways
as MyD88, IRF2, STING), interaction with bacteria (dual
oxidase), and antimicrobial effectors (TNF, proteinases,

SOD, interferon-stimulated genes) (Additional file 6).
These immunity-linked families were found differentially
expressed in both F1 and F2 generations, especially at
larval stages, meaning that the offspring of ME-exposed
oysters has inherited the capacity for an improved
immune gene expression, although these oysters have not
been exposed per se. Importantly, the individual genes
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encoding for these immune functions were generally dif-
ferent in F1 compared to F2 generation (different CGI
numbers). In addition, a closer look at antimicrobial pep-
tides or proteins (AMP) expression revealed a significant
overexpression in ME-exposed compared to control oys-
ters, either during the exposure period at larval stages in
F1 (Big-Defl and BPI at day 2 and day 10) (Fig. 7¢) or in
F2 (Big-Def2 and DefH at day 10) (Fig. 7d).

Apart from immune functions, our transcriptomic
analysis highlighted that ME exposure during larval stages
also affected key metabolic pathways. The expression of
genes encoding for enzymes involved in glycolysis and the
TCA cycle was lower in both generations during the larval
stages, whereas the oxidative phosphorylation pathway
and folate metabolism enzymes were downregulated at
day 10 of the F2 generation only (Additional file 8). This
shift in metabolism is specifically observed in larval stages
since ME-exposed and control juveniles display the same
metabolic gene expression pattern. We also observed that
functions linked to chromatin structure (RBGOA analy-
sis, Additional file 7) were repressed at day 10 of the F2
generation and genes encoding for folate metabolism, and
DNA methylation machinery enzymes were repressed at
day 120 of the F2 generation (Additional file 8).

Taken together, these transcriptomic analyses showed
that the ME seawater larval exposure of C. gigas resulted
in modification of the immune response of the oysters.
This immunomodulatory effect was maintained up to the
juvenile stages and in the subsequent generation. These
results support the idea that transcriptional changes may
be responsible for the increased immune capacity that we
observed in the survival assay.

Differences in DNA methylation may explain

the transcriptional changes observed in microbially
exposed oyster lineages

The observed multigenerational impact of the ME exposure
on oyster survival capacities and transcriptomic response,
as well as the absence of genetic selection between condi-
tions, led us to investigate the impact on epigenetic infor-
mation through analysis of differentially methylated regions
between ME and control oyster lineages. Whole genome
bisulfite sequencing (WGBS) analysis was performed on
oysters sampled at days 10 and 120 of the F1 and F2 gen-
erations (Table 2 of the Additional file 1). We found that C.
gigas DNA was mainly methylated in a CpG context with
a mosaic-type cytosine methylation pattern as previously
described [64]. The PCA results of the global pattern of
cytosine methylation data showed a clustering according
to developmental stages but not according to the treatment
(ME-exposed or control oysters) (Fig. 5 of the Additional
file 3). This result suggested that the cytosine methyla-
tion pattern changed during development as previously

Page 14 of 21

observed by others [65], and this observation was con-
firmed by a global decrease in the cytosine methylation
level observed from larval to juvenile stages (1.77 to 1.58%
for F1 and 1.82 to 1.56% for F2, respectively, p-val from Wil-
cox test < 0.01 for both generations) (Fig. 6 of the Additional
file 3). Although ME exposure did not appear to strongly
affect the level of cytosine methylation at the genome wide
scale (Fig. 6 of the Additional file 3), a trend toward a hyper-
methylation was observed in ME-exposed compared to
control larvae in the F1 generation. In contrast, an opposite
trend toward a hypo-methylation was observed in F1 juve-
niles and in F2 larvae (Fig. 6 of the Additional file 3).

To gain deeper insights into the impact of the ME
exposure on methylation patterns of oysters, we used
DMR-Seq software [61] to identify differentially methyl-
ated regions (DMRs) between ME-exposed and control
oysters for each generation. The differential methylation
analysis led to the detection of 4325 and 5531 DMRs
for larvae (day 10) of the F1 and F2 generation, respec-
tively, and 4985 and 5207 for juveniles (day 120) of the
F1 and F2 generation, respectively (Table 4 of the Addi-
tional file 3, Additional file 9). Hyper-methylated DMRs
in ME-exposed compared to control oysters were more
frequent than hypomethylated DMRs at day 10 of the
F1 generation (57.4% hyper-methylated vs. 42.6% hypo-
methylated DMRs). However, hypo-methylated DMRs
in ME-exposed oysters were more frequent at day 120 of
F1 generation (40.9% hyper-methylated vs. 59.1% hypo-
methylated DMRs) and at day 10 of the F2 generation
(22.2% hyper-methylated vs. 77.8% hypo-methylated
DMRs) (Table 4 of the Additional file 3). These obser-
vations agreed with the previous trend observed at the
genome-wide level (Fig. 6 of the Additional file 3).

Next, we analyzed DMRs that intersected with gene
positions, defining these regions as differentially methyl-
ated genes (DMGs), and asked which functional anno-
tations are overrepresented among DMGs. According
to this analysis, the functions mostly impacted by DNA
methylation changes were related to general cellular pro-
cess, metabolism, response to environmental stimulus,
signal transduction, translation, and protein processing
and development (Additional file 10). Similar functions
were found to be modified in the oyster transcriptome in
response to the ME exposure (Additional files 7 and 10).
Although immune functions were not statistically high-
lighted by the RBGOA analysis, 128 DMGs were found
in genes encoding for immune functions. Genes coding
for the interferon pathway, immune signaling pathway,
viral production, and ubiquitin modification displayed
changes in their cytosine methylation profiles (Fig. 7 of the
Additional file 3). However, we did not observe a canoni-
cal association between expression levels and methylation
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Fig. 8 Local DNA methylation changes persist from F1 to F2 generation. a Snapshot of Integrative Genomics Viewer Windows which displays CpG
methylation data from scaffold 1792:239,000-242,000 for oysters sampled at day 10 of F1 and F2 generation (F1-D10, F2-D10, respectively) and at
day 120 just before disease induction of F1 and F2 generation (F1-D120H0, F2-D120H0, respectively). Each bar indicates the level of methylation at
a CpG position (x-axis) on a scale from 0 to 100% (y-axis). The three biological replicates for each time point are represented. The hypomethylation
displayed in the F1 juvenile aysters (F1-D120H0) in ME exposed (pink color) compared to control oysters (blue color) was detected with the DMRseq
software and was inherited from F1 to F2 generation in larvae (F2-D10) and juveniles (F2-D120H0). b Box plots representing the distribution of
the level of methylation (mean of three biological replicates) for each CpG position present in the selected region. *Indicates a p-val < 0.05 of a
Mann-Whitney analysis comparing the ME exposed and control oysters for time point

changes when analyzing correlations between methylation
and transcriptome profiles (Fig. 8 of the Additional file 3).
Some DMRs were meiotically inherited from the F1 to
the F2 generations (Fig. 8). Forty-eight hyper-methylated
DMRs and 120 hypo-methylated DMRs were conserved
from F1 to F2 at the larval stage, and in the juvenile stage,
we detected 147 hyper-methylated DMRs and 252 hypo-
methylated DMRs conserved from F1 to F2 (Table 1). To
test whether this number of meiotically heritable DMRs
was higher than would be expected by chance, we ran-
domly generated 5000 files containing artificial DMRs of
identical size and number as the DMRs detected in the real
dataset of the F1 generation and intersected these with the
real dataset of the F2 DMRs. Mean values of the number
of intersections between F2 DMRs and these randomized
regions were always significantly lower than the number
of intersections between F1 and F2 DMRs from the real
dataset (Table 1 and Additional file 11), indicating that the
similarity of DMRs in F1 and F2 did not occur by chance.

Taken together, our epigenetic analysis shows that
microbial exposure during larval stages impacts the DNA
methylation pattern in both the directly exposed oysters
as well as their offspring. The DNA methylation profile of
genes involved in immune functions was clearly impacted
in both generations, although a functional consequence
on their expression was not evidenced. We showed that
inheritance in the DMRs between F1 and F2 generation
was not obtained by chance which suggests that DNA
methylation changes can be inherited via epigenetic
memory from the F1 to F2 generation.

The number of genomic coordinate intersections
between either (a) F1 and F2 DMRs induced after the
microbial exposure (ME-induced DMRs) or (b) mock
randomly generated F1 DMRs (randomly generated
DMRs) and F2 DMRs (ME induced DMRs) was com-
pared by a T-test. Hyper- and hypo-methylated DMRs
were tested separately within each developmental stage.
See also Additional file 11.
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Table 1 Shared DMRs between F1 and F2 generations are likely the result of intergenerational epigenetic inheritance

Day 10 hyper-methylation

F1 ME-induced DMRs (n = 2482)

F2 ME-induced DMRs (n = 1230}
Day 10 hypo-methylation

48.0 £ 17.9

F1 ME-induced DMRs (n = 1843)

F2 ME-induced hypo-DMRs (n = 4301)
Day 120 hyper-methylation

120.0 £27.8

F1 ME-induced DMRs (n = 2040)

F2 ME-induced DMRs (n = 2550)
Day 120 hypo-methylation

147.0 £38.5

F1 ME-induced DMRs (n = 2945)

F2 ME-induced DMRs (n = 2657) 252.0 £48.1

Discussion

A growing body of evidence shows that environmen-
tal pressure can be responsible for heritable phenotypic
outcomes and changes in life history traits of living spe-
cies [66]. Early life stages are considered a key window of
opportunity during which individual experience with the
surrounding environment can be integrated to change the
phenotype at the intra- and trans-generational level [5,
8, 11, 33, 35, 67]. Proper establishment of the microbiota
during this sensitive window plays a pivotal role for criti-
cal functions throughout the organism’s life span, such
as the immune system (5, 8, 11, 68]. In the present study,
we investigated the effect of a natural non-pathogenic
microbial exposure during early larval development on
the immune capacities of C. gigas in later life stages and
in the next generation. We showed that oysters exposed
to seawater enriched for microorganisms had a signifi-
cantly greater capacity to prevent viral proliferation and
to survive when exposed to the POMS disease later in
life. This improved capacity was also observed in the off-
spring of these oysters, which themselves had not encoun-
tered any microbial exposure. We found that exposing
larvae to ME seawater clearly modulated the overall oys-
ter transcriptome, not only during the exposure but also
after the exposure 120 days and even in the subsequent
generation. Noteworthy, we identified strong and consist-
ent differences in microbiota composition during devel-
opment confirming community selection in the course
of immune system maturation. This long-lasting effect
supports the idea that transient microbial exposure dur-
ing early larval development can positively influence the
microbiota community and the immunity far beyond the
exposure period. Recently, many examples of cross talk
between the commensal microbiota and the host immune
system have been reported [9, 10, 69-71], and increasing
insights into underlying mechanisms have been obtained
in invertebrate species which have an innate immune

F1 randomly generated DMRs (n = 2482)
72027

F1 randomly generated DMRs (n = 1843)
18.2x4.2

F1 randomly generated DMRs (n = 2040)
148 £3.9

F1 randomly generated DMRs (n = 2945)
27.6 53

system only [72-75]. The systemic nature of the micro-
biota effect has been reported in several studies [76, 77].
In different vertebrate species, early exposure to com-
mensal microbiota was found to increase their immu-
nocompetence [9, 10, 69, 70] and to activate conserved
immune pathways involved in both antibacterial and anti-
viral response (notably the Toll-NF-kB, JAK/STAT, and
IFN pathway). These pathways have already been shown
to be implicated in efficient immune response in oysters,
and we show here that ME-exposed oysters displayed a
higher transcriptional activation of these pathways when
exposed to POMS which underlies the systemic nature of
the microorganisms exposure [23, 28]. Importantly, we
identified taxa that were overrepresented in the micro-
biota of the ME-exposed oysters and which could con-
tribute to improve the better survival capacity that we
observed. Among these bacteria, species belonging to the
family of Rhodobacteraceae have been previously shown
to be associated with increased resistance to POMS, and
species belonging to Halomonadaceae, Shewanellaceae,
and Oceanospirillaceae have been suggested as potential
probiotic in aquaculture (ref). Further analysis will be
worth to investigate the role of these bacteria for potential
applications [18]. Noteworthy, we cannot exclude that the
increased in immune competence also relies on stimula-
tion by protists or viruses that our experimental approach
did not allow to depict.

Epigenetic mechanisms have recently been recognized
as operating at the interface between the microbiota
and the host [78-80]. Importantly, the general cellular
metabolism is a key player for epigenome modifications.
Recent studies have highlighted that derived metabo-
lites from multiple metabolic pathways linked to mito-
chondrial metabolism and oxidative stress can affect the
activity of enzymes involved in histone and DNA meth-
ylation and demethylation [81, 82]. Bacterial metabolites
such as folate and short-chain fatty acid have already
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been pinpointed as essential mediators of communica-
tion between commensal bacteria and the host through
their effects on epigenetic regulatory enzymes [83, 84].
Based on our transcriptional analyses, we clearly observed
a metabolic shift in larvae in response to ME exposure,
and this trait was inherited by the next generation. We
observed that key enzymes involved in glycolysis path-
way and TCA cycle were downregulated in response to
the microbial exposure. This metabolic shift differs from
the Warburg effect which has been shown to be essential
for the induction of histone modifications and functional
changes necessary for trained immunity in mammals [85,
86]. Interestingly, we observed that enzymes involved in
folate synthesis and DNA methylation regulation were
downregulated in ME-exposed oysters and their unex-
posed offspring. Consistent with this observation, we
found that the microbial exposure of oyster larvae had an
impact on the DNA methylation pattern of the oyster lin-
eage. The most parsimonious explanation for our obser-
vations is that the DNA methylation pattern conveys, at
least in part, the microbial imprinting that primes the
enhanced immune protection that we observed at the
intra- and inter-generational level. Some genes related
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to immune function displayed a differential methylation
profile between ME-exposed and control oysters in both
generations. However, such changes in methylation level
did not necessarily lead to significant changes in expres-
sion of the adjacent genes in cis. The absence of cis-acting
association between expression and methylation changes
is not unexpected and has been previously reported [87,
88]. The epigenetic code is not universal and results from
a complex interplay between several bearers of epigenetic
information such as DNA methylation, histone modifi-
cations, nuclear spatial remodeling, and ncRNA, which
altogether interact to regulate chromatin states. Assaying
DNA methylation here was a first attempt to decipher a
causal link between the observed innate immune memory
and a potential epigenetic imprinting. This absence of
causal link raises again the question of the functional role
for DNA methylation especially in invertebrates which
exclusively harbor gene body methylation. This clearly
fuels the current debate on the relationship between
DNA methylation and transcription, which is more
nuanced than previously appreciated [89]. Nevertheless,
and in accordance with previous studies, we found that
changes in transcription and DNA methylation occurred

window of
exposure
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Fig.9 Microbiota-induced epigenetic memory supports lifelong and intergenerational immune protection in C. gigas. Schematic representation
of the proposed successive events inducing enhanced immune competence in oysters following a microorganism exposure at early stages.
Expasing the oyster to microorganism-enriched seawater (ME) increased the diversity and shifted the composition of the oyster microbiota. This
change in microbiota during the sensitive window of early development increased the oyster immune competence (symbolized by pink dashed
lines) compared to the immune system of control oysters (symbolized by blue dashed lines). Importantly, the enhanced immune system would
be expected to exert a pressure on the microflora, resulting in a different bacterial composition in ME-exposed compared to control oysters.

The bacterial compaosition also relies on the developmental stage, which is symbolized by different colors of the dashes. This crosstalk between
microbiota and immune systern may trigger a continuous reshaping of cellular signaling pathways in host cells which resulted in epigenetic
imprinting. This epigenetic memory allowed for inheritance of the phenotype in the offspring of the ME-exposed oysters
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in common biological pathways, and overall, we conclude
that DNA methylation likely acts together with other epi-
genetic pathways to actuate long-lasting memory of early
life microbial exposure in oysters.

In brief, our results support the idea that the rich
microbial environment that the oyster’s larvae face just
after fertilization in natural seawater is essential to boost
the immune system. We showed that this exposure
improved the oyster’s immune competence which was
maintained across life stages and generations (Fig. 9).
Since germ cells develop early during the larval develop-
ment in C. gigas [90], both F1 and F2 generations have
experienced the exposure to the ME seawater, either
directly during larval stages for the F1 generation or
indirectly through germ cell exposure for the F2 genera-
tion. In this sense, we report here an intergenerational
effect since transgenerational inheritance would require
that the change in phenotype is observed in non exposed
oysters (including germ cells). We observed a clear DNA
methylation change after the microbial exposure, and
a large proportion of these epigenetic signatures was
heritable. We hypothesize that this inheritance through
meiosis may account in part for the intergenerational
innate immune memory that we observed, although a
direct causal effect remains to be further explored.

Conclusion

An increasing body of evidence has recently emerged on
the microbial instruction of immune education. It has been
clearly shown that early life stages are the most appropriate
window of opportunity during which the immune system
is most sensitive to long-term effects [5, 8]. Here, we were
able to successfully increase C. gigas immune competence
through a natural microbial exposure during larval stages.
This biological embedding could be a process applied to
the aquaculture context, whereby environmental manipu-
lation through early microbial experience could be used to
produce long-lasting resistance to pathogens.
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Introduction

Over the past decade, major scientific interest has been given to the role of microbiomes in the biology of
metazoans. In particular, an abundant literature has been produced on the dialogue between the immune
system and microbiota of animal species. Across the animal kingdom, key studies have highlighted the
importance of this dialogue for animal health. It is now recognized that effectors of the immune system control
the microbiota and maintain homeostasis with resident microbial communities hosted by vertebrates [1],
arthropods [2] and cnidarians [3]. Reciprocally, in both vertebrates and arthropods, the immune system is
shaped by resident microbes [4,5] with far-reaching effects on host physiology [6,7].

The immunity-microbiota cross-talk and its physiological consequences have remained much less explored in
molluscs until recently. Within this phylum, bivalve molluscs (e.g. oysters, mussels, clams) are particularly
interesting as they are confronted to important microbial challenges in their natural habitats (intertidial coastal
marine systems, lagoons and estuaries), from the very first embryonic and larval stages, when they are still
ciliated and move freely in the seawater column, to the benthic spat and adult stages when they feed on plankton
and their associated microorganisms. Benthic oysters not only host microbial communities on their body
surfaces [8] but also in their circulating body fluids, i.e. the hemolymph (equivalent of the blood) [9], in the
pallial/extrapallial cavity fluid [10,11] as well as in all the tissues and developmental stages studied [12,13]. As
they are filter feeders able to concentrate microorganisms present in their environment, it has been argued that
bivalves host transient microbial communities that vary with environmental conditions. This is actually
observed for a fair proportion of their microbiota, which is rapidly eliminated upon depuration with purified
seawater, a common method employed for removing waterborne microbial contaminants from bivalves [14].
Still, the microbiota of bivalves is highly distinct from the microbial communities found in the surrounding
seawater [8,9,14-16]. Moreover, among bivalve-associated bacteria, some genera, which share the same habitat
and probably have a long co-evolutionary history with their hosts, have established stable associations that are
poorly affected by the environment [14,17]. With the exception of species that host chemosynthetic bacterial
mutualists (for review see [18]), such as the lucinid Codakia orbiculate hosting sulfur-oxidizing bacteria [19], most
of the time it is ignored whether members of the microbiota play key functions in the biology of bivalves.

Opysters are fascinating organisms in which to study the cross-talk between the microbiota and the immune
system, and their reciprocal influence. These organisms indeed host a highly diverse and dynamic microbiota,
which has shaped a vastly expanded innate immune repertoire [20,21]. Studies on the oyster Crassostrea gigas
have revealed a tight connection between the microbiota and the oyster health status [15]. A fine-tuned dialogue
between oyster immunity and its microbiota was evidenced from early life to adult stages [22-24]. Recently a
first insight into the functions carried by members of the microbiome has been made accessible, either by
shotgun metagenomics [11] or metatranscriptomics [25]. It is currently argued that bivalve microbiota may be
manipulated for disease prevention in aquaculture [26]. The present article summarizes the knowledge
accumulated on oyster-microbiota interactions over the last few years and reviews the dysregulations leading
to dysbiosis and oyster death. Finally, it covers the avenues opened for disease prevention and control.

Homeostasis: A diversified and fluctuating microbiota cohabits with oyster immune
cells

Opyster larvae, as soon as two days after reproduction, are equipped with a velum used for motility and feeding,
and two valves develop to form the shell. Oysters become sessile after 2.5 weeks when a foot develops to attach
to a hard surface (pediveliger stage). Once permanently attached, the oyster becomes a spat. From this stage
until adulthood, the oyster soft body is covered by the mantle (or pallium), a tissue that ensures the development
and growth of the shell and also plays a sensory role. A pair of lamellar gills, which extend from one extremity
of the gut to the other, ensures the functions of respiration, nutrition and excretion of certain wastes. A kidney
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consisting of a tubular gland located within a renal sinus ensures the excretory system. Oysters have a open-
type circulatory system: the circulating fluid called hemolymph (equivalent to vertebrate blood) is not confined
to the vessels and the heart but flows into sinuses and infiltrate intercellular space of all tissues (for review see
[27]). The hemolymph carries the circulating immune cells called hemocytes throughout oyster body. The heart
propels the hemolymph into the circulatory system. The two oyster valves forming the shell, which protects the
oyster body, also enclose the pallial and extrapallial cavity fluids, which surrounds the mantle and the soft body
of the mollusc, and contains hemocytes. Thus, oyster body surfaces are covered by the pallial fluid/mucus,
which contains high amounts of antimicrobials such as copper, zinc, and hydrolases such as lysozyme
participating in oyster chemical defenses against infections [28,29]. The mucus is secreted by mucocytes lining
epithelia. Together with ciliary movement at epithelial surfaces, the mucus is believed to restrict microbial
growth and serves as a first line of defense against infections from environmental pathogens (figure 1).
Remarkably, bacteria are barely seen attached to epithelia and mucus of healthy oysters by means of electron
microscopy [30]. In contrast, bacteria are easily detected in oyster body fluids [10]. While body fluids may
represent an entry route for oyster tissue colonization, they also host a number of bacterial genera such as
Pseudoalteromonas that may confer protection through the production of antimicrobial activities. Such protective
bacteria have been isolated both in the pallial fluid of Crassostrea virginica [31] and in the hemolymph of C. gigas
[32]. They secrete antimicrobial peptides generally referred to as bacteriocins [33], which confer a protective
shield against pathogens.
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Figure 1. Immune-microbiota interplay at an oyster epithelium: homeostasis vs. dysbiosis. The left panel (Health)
illustrates an homoestatic context. The microbiota is kept away from epithetial cells (brown cells) by a thick mucus layer
(green) secreted by mucocytes (blue cells), which covers the oyster body surfaces. Lectins, hydrolases, copper and zinc
contribute to limit penetration of microorganisms. It is assumed that amidase PGRPs prevent peptidoglycan from activating
immune receptors. Bacteria circulate in the hemolymph (pink) without inducing a measurable immune response. They are
kept under control by functional immune cells (purple) and the AMPs, hydrolases, ROS and NOS they produce. Bacteriocins
mediate competitions. The right panel (Disease) shows a context of dysbiosis. Pathogens alter immune cell functions (pink
cells), which no longer control the microbiota. AMP expression is altered. Bacteria invade the conjunctive tissues. Tissues
loose their integrity and their barrier functions. Figure created in biorender.com.
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Taxonomic information on the microbiota associated with oyster tissues has been mainly acquired with the
eased access to next generation sequencing. The advent of this technology has highlighted the tremendous
plasticity of the oyster microbiota under the influence of both biotic (i.e. oyster genetic background,
developmental stage and metabolic rate or nutrient availability) and abiotic factors (i.e. temperature, pH,
salinity, pCQO,) [34-38]. In addition to important fluctuations in response to environmental changes,
physiological status and developmental stages, the oyster microbiota shows important inter-individual
variability, both at the level of the whole animal and at the level of individual tissues throughout all life stages
[8,11-13,39]. Such an heterogeneity has rendered extremely difficult the identification of a core bacterial
microbiota in oysters, if it actually exists. Overall, only Spirochaetaceae were widely distributed across tissues
of different oyster species (C. gigas, C. virginica and Saccostrea glomerata) living on three continents
[11,12,15,35,39—41]. Such a trans-specific conservation may be linked to the ecology of Spirochaetes, which are
abundant in intertidial marine sediments [42] to which oysters are exposed; by sharing the same habitat they
may also have established stable associations with oysters [14]. At an oyster population scale, a number of rare
bacterial species were associated with genetic differentiation of C. gigas oysters but this association was lost in
stressfull environmental conditions [38]. More conclusively, microbiota analyses carried out at an oyster
individual level and on different oyster tissues have shown that each tissue harbors its own microbial consortia.
However, it is still unclear whether these communities endow specific functions in the biology of each tissues
[8,11,12] and/or if they are simply shaped by the diversity of microhabitats they inhabit.

Hemolymph is by the far the tissue that has been the most extensively studied in oyster health and disease,
probably due to its key role in immunity. Hemolymph bacterial communities can be clearly distinguished from
those found in seawater and solid tissues, but the community dynamics show a close relationship to the internal
and external oyster environment, suggesting potential host selection [8,9,11,14]. Beyond its bacterial component,
oyster hemolymph contains diverse protists and viruses; the composition and dynamics of these communities
depend on the environment as well as on oyster genetics [9]. Among the diverse components of the hemolymph
microbiota, bacteria show a more stable taxonomic composition than protists and viruses, suggesting more fine-
tuned interactions with the oyster host. These data suggest that some bacterial groups, mostly y- and a-
proteobacteria, are well adapted to the hemolymph conditions, whereas viral and protist communities would
be primarily transient [9]. This remains to be confirmed since microbiota studies are strongly biased towards
the bacterial component and only a very limited number of studies have focused on viruses and protists.

Maintenance of homeostasis in the hemolymph complex ecosystem remains far from being understood.
Particularly, it is still largely ignored how such an abundant and diverse microbiota coexists and is tolerated by
the host hemocytes [43], which patrol in the hemolymph (figure 1) and are equipped with key immune
receptors, pathways and effectors conserved across the animal kingdom [44]. Remarkably, a number of these
receptors and effectors have highly diversified in oysters, some of them belonging to large multigene families
involved in specific immune responses [21]. Recognition of potential pathogens occurs in the hemolymph where
they are contained by phagocytosis and hemocyte aggregation, preventing them from invading the connective
tissue [45] (figure 1). To persist in such a hostile environment, the resident microbiota of oyster may have
evolved low immunogenic properties, as recently evidenced in a Vibrio population showing preferential
association with oyster tissues. In this population, a modified O-antigen structure was shown to reduce strain
recognition by oyster immune receptors [46], unlike in other Vibrio that behave as opportunistic pathogens and
colonize oysters by actively altering their cellular defenses, thereby favoring immune evasion [45,47]. In
addition, the oyster mucus proteins may confer immune tolerance. Indeed a number of secreted amidase PGRPs
(peptidoglycan recognition proteins) have been identified in oyster mucus covering pallial organs (gill, mantle,
labial palps) [29]. In many species, from insects to mammals, amidase PRGPs are capable of cleaving the
bacterial cell-wall glycopeptides released by bacteria into non-immunogenic compounds. Thereby they control
the intensity of the immune response and act as detoxifying enzymes [48]. Their secretion in oyster mucus is an
important indication that they may participate in the maintenance of homeostasis at the immune-bacteria
interface.

4

http://mc.manuscriptcentral.com/issue-ptrsh

229



Annexes

Page 7 of 18

VoSN WN =

Submitted to Phil. Trans. R. Soc. B - Issue

The immune system shapes the microbiota

Cellular defenses are highly potent in oysters. Oyster immune cells, the hemocytes, appear during gastrula-
trochophore stages and they already express immune genes at the trochophore stage (15 h post fecundation,
hpf), suggesting the initiation of the immune system [49,50]. However, at hatching (9 hpf), oyster larvae tend to
be immune-depleted, which makes them more susceptible to infections. From the D-veliger larval stage (17 hpf),
hemocytes perform phagocytosis [49]. In spat (> 2,5 weeks post fecundation) and adults, hemocytes circulate in
hemolymph and infiltrate injured/infected tissues. Not only they perform efficient phagocytosis but they
produce important key antimicrobials (reactive oxygen and nitrogen species, antimicrobial peptides and
proteins, hydrolases) capable of killing microbes both intracellularly and extracellularly (for review see [51])
(figure 1, left panel). The potent respiratory burst produced by hemocytes triggers a mechanism of ETosis by
which hemocytes release DNA Extracellular Traps that contain antimicrobial histones and entrap bacteria,
preventing them from disseminating outside the hemolymph or sites of injury [52]. Most oyster bacterial
pathogens have evolved the capacity to escape oyster cellular defenses, either by evading phagocytosis [53] or
by exerting cytotoxicity against hemocytes [45,47], thereby causing systemic infections (figure 1, right panel).
Such mechanisms of cytotoxicity are rarely observed in non-pathogenic bacteria [54], which instead are
contained in the circulation by hemocyte clumps [45]. This provides indirect evidence that hemocytes
participate in keeping the commensal microbiota under control.

Antimicrobial peptides (AMPs) have been shown to combat infections in a broad number of species across the
animal kingdom including marine invertebrates [55]. However, it is only in the recent years that AMPs have
been shown to play a key role in controlling microbiota hosted by metazoan hosts. The main families of
antimicrobial peptides and proteins identified in oyster include CSap defensins called Cg-Defs (they are highly
conserved in fungi, plants, arthropods, molluscs, but they were lost in chordates), bactericidal/permeability
increasing proteins (Cg-BPI) (they are found both in vertebrates and molluscs), and big defensins (Cg-BigDefs;
they are found in cephalochordates, chelicerates, molluscs and other lophotrochozoans). Cg-Defs and Cg-BPI
are expressed by hemocytes and epithelial cells, contributing both to local and systemic responses (for review
see [43]). Cg-BigDefs are expressed by oyster hemocytes only [56]. Transcripts of Cg-Defs have been found in
oyster embryos, however their expression increases significantly over the first larval stages, from hatching to
D-veliger larval stage [49]. This indicates that AMPs may play a role at the immune-microbiota interface early
during development. Oyster antimicrobial peptides and proteins have very distinct and complementary
mechanisms of action, which enables them to target a broad diversity of microorganisms. Cg-Defs are ligands
of lipid II that inhibit peptidoglycan synthesis; they are essentially active against Gram-positive bacteria [57].
Cg-BPI, which efficiently binds LPS, creates membrane damages in Gram-negative bacteria [58]. Cg-BigDefs,
which autoassemble and entrap bacteria in supramolecular structures called nanonets, have broad spectrum
antimicrobial activities [59]. Unlike in other species of molluscs (e.g. mussels, [60]), AMPs in oyster are not
expressed at high concentrations. Instead, most AMP families have expanded and diversified through gene
duplication events followed by rapid molecular diversification [56], as a result of directional selection pressures
[61]. This molecular diversity creates synergy and enlarges the spectrum of antimicrobial activities of oyster
AMP families, particularly Cg-Defs and Cg-BigDefs [23,62]. Remarkably, the gene expansion and sequence
diversification of Cg-BigDefs has also conferred specificity to members of this peptide family against bacteria
belonging to the oyster microbiota [23]. Unlike in the scallop Argopecten purpuratus where only one big defensin
gene has strong effects on the composition of the microbiota [63], Cg-BigDefs in oysters fine-tune the microbiota,
probably through their very specific activities against different members of the microbiota [23]. Such a
specificity has been recently discovered in AMPs from other animal phyla, e.g. in insects [64]. It is actually
proposed that diptericin variants in Drosophila have been selected as an evolutionary solution to control harmful
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bacteria found in their microbiome [65]. Being speculative, this important result may indicate that
presence/absence variation affecting Cg-BigDefs in oysters [66] has been shaped by pathogenic pressures.

While lectins have remained much less explored for their interactions with the oyster microbiota, they are highly
diverse in oysters and abundant in the mucus covering oyster epithelial surfaces [29]. Lectins found in oyster
mucus have been attributed to infiltrating hemocytes as well as to mucocytes and epithelial cells [29]. Among
their diverse functions, lectins are involved in host-microbe interactions both in a parasitic or mutualistic
context. For instance, C-type lectins in shrimp agglutinate bacteria selectively [67] and they maintain the
homeostasis of the intestinal and hemolymph microbiota [68,69]. In oysters, C-type lectins may participate in
the control of pathogens as demonstrated for C¢CLec-3, which is expressed by hemocytes and agglutinates
specific bacterial species [70]. The massive diversification of C-type lectins in the genome of C. gigas (154 genes)
[20] indicates an uncovered diversity of putative functions and putative specificities in the interaction with the
microbiota. A similar phenomenon of diversification was decribed for the complement C1q domain containing
proteins (164 genes in C. gigas), whose expression is induced upon biotic challenge [21], and which may act as
opsonins to promote phagocytosis as shown for the plasma protein p1-CgClq [71].

A number of pallial mucus proteins likely to recognize and/or control parasites and microbes were identified
[29]. These include several invertebrate thioester-containing proteins (TEPs) similar to Biomphalaria glabrata
BgTEP, which forms an immune complex with fibrinogen-related proteins produced by the molluscan host and
mucins produced by the parasite Schistosoma mansoni [72]. This hemocyte-expressed protein binds to a diversity
of bacteria suggesting an opsonin role [73], like in insects [74,75]. Pallial mucus also contains the DMBT-1 protein
(deleted in malignant brain tumors 1 protein) [29], which functions in mucosal immunity by mediating bacterial
recognition and countering invasion [76]. In C. gigas its expression is suppressed by pathogenic Vibrio, which
have the ability to bypass host defenses [45]. Finally, two ferritins were found in the pallial mucus [29]. Ferritins
are iron-scavenging proteins that participate in the so-called nutritional immunity. By depriving bacteria from
iron, these host proteins contribute to limit bacterial growth. The fight for iron is key in the control of infections
by Vibrio, which produce their own siderophores, such as vibrioferrin, for the uptake of this essential nutrient
[77]. Recent results have shown the key role of iron homeostasis in the structuring and assembly of pathological
microbial communities in oyster [47].

The microbiota shapes the oyster immune system

Multicellular organisms exist as complex ecosystems, also known as holobionts, comprised of both the animal
host and its associated microbiota [78]. Interactions between the host and its microbiota implies complex
feedbacks. If the immune system orchestrates the maintenance of key features of the host-microbiota
interactions and establishment of the microbiota community, the latter, in return, plays a critical role in the
development, education and function of the immune system [5,79,80]. The sequencing of C. gigas genome has
revealed a remarkable expansion and functional divergence of immune gene families in this species [20,21].
Their expression profiles revealed specific responses to a diversity of microbial challenges. On an evolutionary
scale, it has been argued that the dynamic and pathogen-rich environment of oysters has created complex biotic
and abiotic stresses, constituting strong selection pressures that have led to a major diversification of the
immune system. On the scale of a lifetime, the early life is recognized as a crucial window of opportunity during
which microbial colonization sets appropriate immune development and establishes the foundation for lifelong
immunity. Studies in humans and in a vast array of vertebrates or invertebrate animals has demonstrated that
colonization of complex microbiota or single symbionts in early life does not only impact the maturation of the
mucosal and gut immune systems, but also modulates the systemic immune response [81-87]. In addition, there
is compelling evidence that early life environments can induce long-lasting changes in the immune system of
progenies and have critical impacts on health and disease. Notably, it has been shown that nonpathogenic
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microbial exposures during critical periods of development in mammals favorably imprint immunity,
promoting protective immunity that reduces risk of disease later in life [88].

As filter feeders, oysters evolve in a rich microbial environment, under constant interaction with pathogenic
and commensal microorganisms. In a recent study, Unzueta-Martinez A. et al. showed that not all members of
the oyster-associated microbiota are governed by the same ecological dynamics and that both horizontal and
vertical transmission routes are possible [13]. Particularly the authors identified some members of the bacterial
communities that establish at early developmental stages (from gametes to spats) and persist across multiple
life stages [13]. Since initiation of the immune system occurs early in the oyster development [49,50], this early
microbiota association raises numerous questions about its impact on the immune system maturation. In C.
gigas, another recent study showed that an early larval exposure to a non-infectious environmental microbiota
can induce a systemic immune response that confers a protection against the Pacific Oyster Mortality Syndrome
[24]. Remarkably, this early exposure resulted in a lifelong and intergenerational increased immune competency
that persisted far beyond the initial exposure. The exposure impacted the diversity and shifted the composition
of the oyster microbiota. This phenomenon was supported by a long-term reprogramming of immune gene
expression within and across generations, and notably correlated with differential expression of conserved
pathogen recognition receptors (PGRP, lectins, scavenger receptors, TLR, RLR, macrophage receptor), innate
immune pathways (IFN-TLR-JAK/STAT pathways) and antimicrobial effectors (TNF, proteinases, SOD,
interferon-stimulated genes, AMPs). Moreover, this phenotype was associated with heritable changes in
epigenetic signatures (DNA methylation patterns) that are reminiscent of mechanisms underlying innate
immune memory response in mammals and plants [89,90]. The hypothesis beyond this microbiota-induced
memory is a continuous reshaping of cellular signaling pathways and microbiota, which resulted in long-term
heritable epigenetic imprinting (figure 2, left panel). This study thus perfectly illustrates the continuous cross-
talk between host and microbiota and its role in disease susceptibility or resilience.

This study echoes with emerging concepts on the impact of environmental signals, either biotic or abiotic, on
epigenetic changes responsible for heritable phenotypic outcomes [91-93] and on innate immune memory
formation (also known as trained immunity) [89,90,94]. In mammals and arthropods, commensal microbiota
was shown to shape immune capacities, not only at early stages, and to have a systemic effect on the immune
response, inducing enhanced resistance towards a vast array of unrelated pathogens [95-102]. These findings
are reminiscent of evidence of symbiont-mediated immune priming (reviewed in [103]) showing the impact of
beneficial symbionts on immune capacities. In C. gigas, long-term immune priming capacities were evidenced
using either non-pathogenic bacteria or viral mimic pre-conditioning [104,105]. These data confirmed that non-
pathogenic microbial exposures can promote the generation of protective immunity, further suggesting
complex interactions between microbiota and immunity, and the potential for some members of oyster
microbiota to drive innate immune memory and support enhanced survival.

Fatal breakdown of homeostasis: loss of control of the microbiota

Homeostasis is crucial to maintain internal stability and balance in the face of fluctuating environmental
conditions. Studies on cnidarians nicely illustrate that the stability of the association between a host and its
microbiota is crucial for health [106] and to cope with the environment [107,108]. In humans, microbiota
dysbiosis leads to disease development and progression, through dysregulation of community composition,
modulation of host immune response, and induction of chronic inflammation [109].

As oysters are both osmoconformers and eurythermal, the microbial communities they host are naturally
exposed to significant changes in osmolarity and temperature over days and seasons, two factors that modulate
microbial community dynamics, either directly or indirectly, by modulating oyster physiology and immunity
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[110]. Not surprisingly, healthy oysters — which exhibit extended physiological limits — also tolerate important
variations in the structure of their microbiota (see Homeostasis section above) (figure 2, left panel). At the
metaorganism level (the holobiont), this plasticity may increase oyster adaptatibility to rapidly changing
environmental conditions, as they experience in intertidial coastal marine systems. However, the balance
between a fluctuating microbiota and an effective - but still tolerant - immune system is fragile. Like in other
animal species, a compromised homeostasis can have detrimental effects on oyster health by creating an
unfavorable environment for the beneficial microbial populations and promoting the often irreversible
proliferation of harmful microorganisms. Thus, in some instances temperature fluctuations, changes in salinity,
antibiotic exposure or nutrient availability alter oyster physiology in a way that it affects their ability to maintain
a stable internal environment (reviewed in [111]). Thereby environmental factors can contribute to the
breakdown of homeostasis (figure 2, right panel). Thus, the highly dynamic composition of oyster hemolymph
microbiota can be indicative of major changes in oyster health status. It is actually often accompanied by drastic
changes in the composition of the hemocyte formula and counts, and a rapid migration of hemocytes in oyster
tissues (for review see [51]). For instance, heat stress decreases the stability of the hemolymph microbiota in C.
gigas, resulting in increased mortality in response to infections [112]. Particularly, destabilization of the oyster
hemolymph microbiota can facilitate infection by Vibrio [40]. Dramatic events are actually observed when an
abiotic stress co-occurs with an exposure to a pathogen. For instance, marine heat waves, i.e. “discrete prolonged
anomalously warm water events”, enable proliferation of Vibrio in oyster tissues and lead to mass mortality
events [113]. Similarly, shifts in temperature control the fatal outcome of V. sesturianus infections in oyster [114].
In this particular case, the bacterial microbiota shifts from highly diversified to dominated by one single species
[115,116].

Abiotic P g i d Biotic
environment @ ‘Pathogens environment
¥, Disease
hemocytes . .
o) .' Education ’4‘ s o i o = Alteration
& @ [« o) : ot
¥y % N >d O
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Figure 2. Environmental factors acting on the cross-talk between the oyster immune sytem and its microbiota.

Healthy microbiota is diverse and plastic (left panel). Its structure is influenced by environmental factors; for instance, some
community can be favored by given abiotic factors (pH, temperature or salinity). Microbiota plays a key role in the education
of the immune system. In parallel, the immune system relying on hemocytes, mucus production and secreted molecular
effectors (e.g. AMPs) participates in the control of the homeostasis of the oyster microbiota. In the presence of pathogens,
which can alter immune defences, loss of control of oyster microbiota results in dysbiosis and leads to fatal sepsis (right
panel).

One emblematic example of biotic and abiotic factors triggering dysbiosis and oyster death is the Pacific Oyster
Mortality Syndrome (POMS), which is both polymicrobial and multifactorial [117,118]. When the seawater
temperature raises above 16°C, important changes in the microbiota occur in response to infection with the

8

http://mc.manuscriptcentral.com/issue-ptrsb

233



Annexes

Page 11 of 18

OO NOUV D WN =

oOuUuUuuUuunuuuUuuUuUuUuds DD DDEDDEDEREWWWWWWWWWWNONNRRNNONNNONMNNONNNN=S = o0 aaoaaoaa
CVWENOAOUVMBWN—_OOVONOOUEBWN—_OUVONNIOTURAWN—=OOVONOTURARWN—_OOVONOOUDWN=O

Submitted to Phil. Trans. R. Soc. B - Issue

OsHV-1 pVar virus: the bacterial groups which are normally the most abundant tend to decrease while some
rare and opportunistic bacteria proliferate, particularly Vibrio [111] and Arcobacter [115]. Elucidating the
sequence of events involved in POMS development by comparing resistant and susceptible oyster families
revealed that microbiota homeostasis breakdown is central to the pathogenesis process [22]. Sequentially, the
infection by OsHV-1 uVar triggers an immune-compromised state that induces microbiota dysbiosis and
subsequent bacteraemia, ultimately leading to oyster death. Fatal dysbiosis is accompanied by invasion of the
connective tissue by opportunistic bacteria and in particular Vibrio and Arcobacter, which are consistently
associated with oyster death [25]. The virus alters antibacterial defences by infecting hemocytes and
reprogramming their functions. OsHV-1 pVar alters more particularly AMP expression, which coincides with
a loss of control of microbial communities 24 h after viral infection [22]. The sequence of events leading to
dysbiosis and oyster death is conserved across infectious environments in France (Mediterreanean, Atlantic)
and oyster genetic backgrounds [25]. Moreover, using a combination of amplicon sequencing and
metatranscriptomics, a core pathobiota assemblage was identified; it colonizes oysters during the secondary
bacterial infection of oysters in POMS. Arcobacter, Vibrio, but also Amphritea, Marinobacterium, Marinononas,
Oceanospirillum and Pseudoalteromonas, together represented up to 40% of the bacterial gene expression at the
onset of oyster mortality. Bacteria of the Vibrio genus associated to POMS (V. crassostrea, V. tasmaniensis, or V.
harveyi according to environments) were shown to actively participate in the pathogenic process by dampening
oyster cellular defenses and by producing public goods (siderophores), which promote the growth of other
bacterial species [45,47]. Such cooperative behaviors, which make oyster a more favorable environment for
microbial proliferation, were key in structuring the Vibrio community associated to POMS [47]. Much more
remains to be explored regarding the social interactions at play (cooperation, cheating, competition) in the
POMS pathobiota. Remarkably, the transcriptional response of the pathobiota was conserved between
Mediterranean and Antlantic environments with in particular an increase in translation and central metabolism
processes, reflecting active colonization of oyster tissues. Members of the pathobiota overexpressed different
metabolic pathways, reflecting differential use of the nutritive resources provided by the diseased oyster host.
This functional complementarity may explain the taxonomic conservation of the POMS pathobiota [25].

Implications for applied Perspectives
Probiotics

A probiotic is by the definition of the Food and Agriculture Organization (FAO), a “live microorganism, which
when consumed in adequate amounts, confers a health benefit on the host” [119]. The use of probiotic strains is
already developed for animal production, and it is considered a promising eco-responsible and prophylactic
alternative to antibiotics [120]. Probiotics can compete with pathogens by producing diverse antimicrobial
substances (bacteriocins, antioxidant molecules), modulating the innate immune system of the host, interfering
with microbial communication systems (quorum quenching effect), producing beneficial metabolites, and
helping for nutrient adsorption [121]. Regarding probiotics for oyster farming, two of the above strategies are
being developed: the direct competition with pathogens and the modulation of the innate immune system [122].
For example, exposure of C. gigas larvae to Pseudoalteromonas sp. capable of inhibiting the growth of V.
coralliilyticus improved larval survival during V. coralliilyticus infection [123]. Similarly, the administration of
Streptomyces sp. strains RL8 to juvenile Crassostrea sikamea oysters induced significantly higher weight gain and
increased antioxidant activity [124].

The natural microbiota of oysters may help identify new probiotics candidates to be used in prophylactic
measures. Because of the versatility of oyster microbiota and the rapid disturbance of host genotype — microbial
community associations upon external stress, it has been argued that microbiota may be difficult to manipulate
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and used to improve oyster resistance to disease [38]. Nevertheless, oyster families with contrasting
susceptibility to the POMS harbor different microbiota compositions [9,15,111]. Bacterial taxa Colwelliaceae,
Cyanobacteria, and Rhodobacteraceae are indeed significantly associated with oyster families harboring higher
resistance to POMS [15]. Beyond members of the oyster microbiota, cohabitation of oysters with macroalgae
mitigates their resistance to POMS by modifying microbiota composition and affecting transcriptional response
to OsHV-1 infection [125]. We argue that modulating oyster physiology and immune system through microbial
exposure is a promising way to increase resistance to pathogens.

Microbial education & Immune priming

Another promising use of natural microorganisms as a tool to fight infectious diseases indeed consists in
educating the host immune system during its ontogenesis. It is expected that focusing on this crucial
developmental stage will result in lifelong and potentially transgenerational beneficial immune properties. Such
a microbial education has been applied successfully in fish [83] and molluscs [24]. More studies are still needed
for understanding the basic mechanisms of early life oyster-microbiome interactions, the bases of the immune
system developmental plasticity in oysters, and how this may be translated into applications. Already, microbial
management methods are applied in aquaculture to promote healthy microbe-larvae interactions [126-129]. The
immunomodulatory properties and long-term health benefits of such practices have been demonstrated in fish
and shrimp [130]. Further studies are necessary to apply such strategies during oyster larval rearing. This will
require further exploration on how the cross-talk between oyster and microbiota is established during
development, emphasizing on critical temporal windows. It will also be necessary to precisely define the
contributions of specific microbial species of oyster origin to early oyster life immune imprinting and to oyster
health status at a juvenile/adult stage. Recent study on the impact of microbiota on oyster immune capacities
helped identify bacterial taxa and species overrepresented in animals exposed to microbiota at an early
developemental stage, which show increased immune capacities (Rhodobacteraceae, Halomonadaceae,
Shewanellaceae, and Oceanospirillaceae) [24]. This could help design microbiome-based prophylactic strategies
and/or disease mitigation strategies with microbiota species acting as modulators of immune responses.
Elucidating the exact molecular relationship between microbe-derived metabolites, host immune signaling
pathways, epigenetic modifications and host physiology will need further investigation.

In addition, a growing body of evidence shows that the innate immune system displays memory traits
providing a survival advantage within and across generations [131]. Immune plasticity and memory capacities
have been evidenced in mollusks including oysters [24,104,132,133]. Building on these properties could help
design pseudo-vaccination strategies (known as immune-priming) based on nonpathogenic microbial
exposures to promote protective immunity in individuals and their offspring.

Conclusion and future directions

Recent literature has highlighted the highly dynamic nature of the oyster bacterial microbiota, under the
influence of a rapidly fluctuating biotic and abiotic environment and host factors (genetics, development and
physiology). Such a dynamic microbiota has shaped a highly diversified repertoire of oyster immune genes [20]
whose functions remain far from being understood. This makes the oyster a fascinating organism to investigate
the cross-talk and reciprocal shaping of the microbiota and the immune system. While the microbiota was
shown to educate the immune system during the early stages of oyster development, the functions it plays at
an adult stage remain unclear. Answering such an essential question requires to access the functions expressed
by the microbiota, moving away from the initial description of its taxonomic composition. Although recent
progress has been made in this direction [11,25,134], it is not clear yet whether oyster microbiota is shaped
according to the functions it expresses, particularly in a healthy context. To address this challenging question,
several difficulties have to be circumvented. First, the biogeography of microbiota functions must be studied at
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1
2
3
4 the finest scales to unveil the diversity of functions carried by microbial communities in specific tissue niches.
5 Second, it will be essential to consider the broad diversity of microbial communities, beyond the easily accessible
6 bacterial community. Indeed, oyster-associated phages have co-evolved with Vibrio populations causing
; pathologies in oysters [135]. And it is recognized that phages play a key role in the marine environment by
9 modifying the metabolism of infected bacteria by altering the expression of auxiliary metabolic genes and
10 reorienting host gene expression patterns [136]. This highlights the need to consider the complexity of the
11 microbiota (bacteria, viruses, protists, etc.) if we are to fully understand the role of the microbiota in oyster
12 health and disease. Future studies should also address the role and specificities of host factors in shaping oyster-
13 associated microbial communities. Indeed, not only there is often a strong genetic component in the capaciity
14 of oysters to control infections [137], but there are also key physiological determinants controlled by the
15 environment or the developmental stage that need further investigation [117]. Regarding immune factors, there
1{75 is an important need to explore the diversity of hemocyte populations, which remain amazingly poorly
18 understood despite their key role in controlling infections, and to study the consequences of the impressive
19 diversification of the immune gene repertoire in oysters. Recent data have revealed that AMP diversification is
20 the support of an unexpected specificity in the interaction with microbiota members [23]. Much more has to be
21 discovered regarding the highly diversified immune gene respertoire of oysters [20], which may have evolved
22 to adapt to changing microbial environments, as recently evidenced for some insect immune genes [65].
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Abstract: Big defensins are two-domain antimicrobial peptides (AMPs) that have highly diversified
in mollusks. Cg-BigDefs are expressed by immune cells in the oyster Crassostrea gigas, and their
expression is dampened during the Pacific Oyster Mortality Syndrome (POMS), which evolves to-
ward fatal bacteremia. We evaluated whether Cg-BigDefs contribute to the control of oyster-associ-
ated microbial communities. Two Cg-BigDefs that are representative of molecular diversity within
the peptide family, namely Cg-BigDefl and Cg-BigDef5, were characterized by gene cloning and
synthesized by solid-phase peptide synthesis and native chemical ligation. Synthetic peptides were
tested for antibacterial activity against a collection of culturable bacteria belonging to the oyster
microbiota, characterized by 16S sequencing and MALDI Biotyping. We first tested the potential of
Cg-BigDefs to control the oyster microbiota by injecting synthetic Cg-BigDef1 into oyster tissues and
analyzing microbiota dynamics over 24 h by 165 metabarcoding. Cg-BigDef1 induced a significant
shift in oyster microbiota B-diversity after 6 h and 24 h, prompting us to investigate antimicrobial
activities in vitro against members of the oyster microbiota. Both Cg-BigDef1 and Cg-BigDef5 were
active at a high salt concentration (400 mM NaCl) and showed broad spectra of activity against
bacteria associated with C. gigas pathologies. Antimicrobial specificity was observed for both mol-
ecules at an intra- and inter-genera level. Remarkably, antimicrobial spectra of Cg-BigDefl and Cg-
BigDef5 were complementary, and peptides acted synergistically. Overall, we found that primary
sequence diversification of Cg-BigDefs has generated specificity and synergy and extended the
spectrum of activity of this peptide family.

Keywords: antibacterial peptide; beta defensin; diversity; evolution; microbiome; invertebrate; mol-
lusk

1. Introduction
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From invertebrates to humans, active crosstalk between the host immune system and
the microbiota plays a critical role in maintaining homeostasis [1,2]. Antimicrobial pep-
tides (AMPs), among other immune effectors, are key players in host-microbe interactions
[3-6]. AMPs encompass a highly diverse array of molecules widespread in multicellular
organisms, which were initially described for their direct antimicrobial activities against
pathogens [7,8]. AMPs are multifunctional: they are involved in the early establishment
and shaping of bacterial microbiota; they maintain tolerance to beneficial microbes and
greatly affect community composition in the guts, epithelia, and mucosal surfaces of
mammals through direct and indirect activities against commensal bacteria [9,10]. In other
animal branches as well, AMPs play an important role in host-microbiota interactions
[5,11]. In arthropods such as insects and crustaceans, AMPs regulate microbiota composi-
tion [6,12,13]. In cnidarians, they are crucial in shaping microbial colonization during Hy-
dra development [14].

Several families of AMPs have been identified in Crassostrea gigas oysters (mollusks)
and characterized in terms of expression, structure, and function [15-17]. AMP families in
oysters have widely diversified; they are expressed at low concentrations by immune
cells, hemocytes, and epithelia [15]. Recent studies have highlighted the role of host-mi-
crobiota interactions in oyster health [18,19]. The structure of the oyster microbiota is mod-
ified under stressful conditions promoting the development of opportunistic infections
[18]. The resulting dysbiosis can be associated with significant mortality. In particular, C.
gigas suffers from a polymicrobial disease called the Pacific Oyster Mortality Syndrome
(POMS), which is triggered by infection with the OsHV-1 uVar virus and affects the oys-
ter’s immune cells. Interestingly, hemocyte infection has been associated with attenuation
of AMP expression with a loss of barrier function leading to dysbiosis and fatal bacteremia
[20,21]. Oyster big defensins are among the peptide families whose expression is altered
during POMS, suggesting that they may contribute to the control of oyster microbial com-
munities [21]. This hypothesis is further supported by the recent finding that a big defen-
sin mediates microbial shaping in another bivalve mollusk, the scallop Argopecten purpu-
ratus [22].

Knowledge of big defensins has significantly increased over the past decade, partic-
ularly with the growing availability of next-generation sequencing data. Phylogenetic
analyses have shown that big defensins are a family of two-domain AMPs that expanded
in mollusks as a result of independent lineage-specific tandem gene duplications, fol-
lowed by rapid molecular diversification [23,24]. Canonical big defensins harbor an N-
terminal hydrophobic domain specific to the peptide family and a C-terminal domain that
resembles (3-defensins [24,25]. Big defensins have diversified in the oyster C. gigas with up
to seven distinct sequences described [24]. Among them, Cg-BigDef1-3 and Cg-BigDef5-6
form two phylogenetically distinct groups [24]. Cg-BigDefs are expressed by oyster hemo-
cytes [23]. To date, functional data have only been acquired on Cg-BigDef1. This was made
possible by developing the chemical synthesis of Cg-BigDef1 [26,27]. Synthetic Cg-BigDef1
showed a broad range of antibacterial activities against both Gram-positive and Gram-
negative bacteria from clinical and environmental collections [27]. A remarkable feature
of its mechanism of action was its ability to self-assemble in nanonets and trap and kill
bacteria [27].

In this paper, we first tested the in vivo ability of Cg-BigDefs to control the commensal
oyster microbiota by monitoring microbiota composition in oysters injected with Cg-
BigDef1. Second, we searched whether primary sequence diversification among oyster big
defensins translates into functional diversification. To answer this second question, we
cloned the genomic sequences and chemically synthesized Cg-BigDefl and Cg-BigDef5,
which are representative of sequence diversity. Antimicrobial activity spectra of Cg-
BigDefs were determined in vitro against a collection of culturable bacteria belonging to
the oyster microbiota. Our data support a role for Cg-BigDefs in the regulation of oyster
microbiota composition and show that the sequence diversity between Cg-BigDefl and
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Cg-BigDef5 generates antimicrobial specificity and synergy against members of the oyster
microbiota, including bacteria associated with significant pathologies.

2. Results
2.1. In Vivo Activity of Cg-BigDef1 on Oyster Commensal Microbiota

We tested the effect of Cg-BigDefl on oyster commensal microbiota by injecting the
synthetic peptide into the adductor muscle (5 uM Cg-BigDef1 relative to oyster flesh vol-
ume) of anesthetized oysters. An injection of sterile artificial seawater (ASW), i.e., the sol-
vent used for solubilizing synthetic Cg-BigDef1, was used as a control (Figure 1A). Since
substantial inter-individual variations were observed in oyster microbiota composition
[28] and oyster genetics influences microbiota composition [29], we used a pathogen-free
oyster family of full siblings for our experiments (i.e., oysters with limited environmental
and genetic variation; see Materials and Methods). Microbiota composition was moni-
tored in whole tissue extracts by 16S metabarcoding.

We first verified that anesthesia had no significant effect on the homeostasis of oyster
commensal microbiota. To this end, we compared the microbiota of eight non-treated con-
trol oysters (NTC, i.e., not anesthetized, not injected with ASW) and eight anesthetized
control oysters (AC, i.e., oysters kept dry for 12 h and anesthetized for 2 h). This compar-
ison was performed at time 0 before oysters were injected with Cg-BigDef1 or sterile arti-
ficial seawater, used as a control. We then examined the effect of Cg-BigDefl on oyster
commensal microbiota by comparing the microbiota of eight oysters injected with Cg-
BigDefl or ASW (control) at three time points after injection (0, 6, and 24 h) (Figure 1A).
To compare microbiota composition over time and conditions, we generated a global da-
taset from a total of 7,320,778 raw reads obtained by Illumina MiSeq sequencing of the 64
oysters analyzed. Sufficient sequencing depth was confirmed by analyses of rarefaction
curves of species richness (Supplementary Figure S1). We retained 6,371,737 sequences
corresponding to 632 Amplicon Sequence Variants (ASV) for further analyses after filter-
ing, chimera removal, clustering by dbOTU3, and rare ASVs filtration.

Anesthesia had no significant effect on oyster microbiota. Indeed, AC oysters did not
differ from NTC control oysters in terms of a-diversity (measured here by the observed
richness and Shannon H indices) nor p-diversity (measured by the Bray—Curtis dissimi-
larity matrix estimates) (Supplementary Figure S2, Table S1) or relative abundance of the
10 most abundant genera in AC and NTC animals (Supplementary Figure S2, Table 52).
Moreover, oysters injected with Cg-BigDef1 did not differ from oysters injected with ASW
in terms of a-diversity as estimated with the observed richness and Shannon’s H indexes
(Supplementary Figure S3).
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Figure 1. Effects of Cg-BigDef1 on p-Diversity and taxonomic composition of oyster microbiota. (A):
Schematic representation of the experimental design used to test the impact of Cg-BigDef1 on the
oyster microbiota after injection. From the same batch of oysters, 8 non-treated oysters were col-
lected (NTC), the remaining oysters were anesthetized and 8 oysters were collected after 12 h (AC).
The oysters were then injected with either Cg-BigDef1 at a final concentration of 5 uM (BD1) or with
an equal volume of ASW (control). Oyster sampling was performed 10 min (T0), 6 h (T6) and 24 h
(T24) after injection. (B): PCoA biplot based on Bray—Curtis distances showing differences between
oysters injected with Cg-BigDef1 (BD1, orange) or ASW (purple) at T0, T6 and T24. (C): Mean rela-
tive abundance of bacterial genera in oyster microbiota, grouped according to oyster treatment and
time after treatment. The heatmap shows the frequencies of the 10 most abundant bacterial genera
in each condition. (D): Differential abundance analysis (DESeq2) at the ASV level between oysters
injected with ASW and Cg-BigDefl at T6. Each circle represents an ASV showing significant
logzFoldchange (adjusted p value < 0.01) between experimental conditions. Positive log:FoldChange
means enrichment in Cg-BigDefl-injected oysters and negative log2FoldChange means enrichment
in ASW-injected oysters. Taxa are denoted by their attributed genus followed by the first four char-
acters of the ASV barcode attributed by SAMBA. Note that ASVs without genera annotation were
not represented in the figure.

By contrast, Cg-BigDef1 altered the oyster microbiota in terms of p-diversity. This
was determined using a final matrix of 632 ASVs distributed among the 48 oyster micro-
biota samples and the three kinetic points after normalization/rarefaction and removal of
low abundance ASVs (less than four reads in at least four individuals). Differences are
depicted by principal coordinate analysis (PCoA) based on the Bray—Curtis dissimilarity
matrix for T6 and T24 (Figure 1B). Subsequent statistical analyses demonstrated that at TO
(i.e., 10 min after injection with Cg-BigDefl or ASW), oyster microbiota did not differ be-
tween conditions (p = 0.779). The effect of Cg-BigDef1 became visible from T6 (p = 0.00064)
to T24 (p = 0.00488) (PERMANOVA based on 100,000 permutations) (Tables 52,5S3), in
agreement with the antimicrobial activity of Cg-BigDefl measurable in vitro within 24 h
[27]. No significant differences were observed among the 10 most abundant genera be-
tween Cg-BigDefl and ASW-injected oysters (Figure 1C, Supplementary Figure 54). Sig-
nificant differences were only observed at the ASV level. Overall, at T6, differential abun-
dance analysis identified 156 ASVs, which were significantly enriched or impoverished in
Cg-BigDef1-treated oysters. Among these, 47 ASVs were affiliated with 44 known genera
(Figure 1D). Similar results were obtained at T24 (Supplementary Figure S5). While dif-
ferences were observed in microbiota composition, the relative abundance of total micro-
biota did not vary significantly upon Cg-BigDef1 treatment, as determined by 16S quanti-
tative PCR (Supplementary Figure S6).

2.2. Establishment of a Collection of Culturable Bacteria from C. gigas Microbiota

To further investigate the role of Cg-BigDefs in controlling the oyster microbiota, we
built a collection of culturable bacterial strains representing 21 genera associated with
healthy and diseased C. gigas [30,31]. Among them, we included genera repeatedly asso-
ciated with oyster diseases, such as Arcobacter, Aeromonas, Marinomonas, Marinobacterium,
Pseudoalteromonas, Psychrobacter, Sulfitobacter, Tenacibaculum, and Vibrio [21,30,32,33]. We
obtained 165 rDNA sequences (V3-V4 loop) for 46 bacteria isolated from oysters with
known health status (healthy or diseased). In addition, we purchased three type-strains
of the genera of interest that were needed as a reference for the MALDI database (one
Pseudoalteromonas and two Alteromonas). All 165 sequences exhibited 295% identity with a
known type-strain sequence included in the analysis (Figure 2). For 41 strains of the 50
strains in the collection, we acquired molecular mass fingerprints by MALDI Biotyping.
Strains with taxonomic assignation by 165 phylogeny but no match in MALDI databases
were used to enrich the MALDI databases of marine bacteria
https://doi.org/10.12770/261d7864-a44c-43ab-b0c6-57fdaf7360ac (accessed on 14 October
2022).
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Figure 2. Constitution of a collection of oyster microbiota culturable bacteria. Phylogeny of strains
isolated from the C. gigas oyster microbiota based on the V3-V4 loop alignment of bacterial 16S
rDNA by a Maximum Likelihood method with the Kimura 2-parameter model in MEGA X (295-bp
sequences, 105 sequences). Oyster isolates are indicated in boldface. The different genera are indi-
cated. The pathological context at the time of isolation is indicated by a thick bar (red: diseased and
green: healthy oysters).

2.3. Gene Cloning and Chemical Synthesis of Cg-BigDef1 and Cg-BigDef5

To explore the impact of Cg-BigDefs sequence diversification on the control of oyster
microbiota, we focused on Cg-BigDefl and Cg-BigDef5, which belong to two phylogenet-
ically distinct groups within this peptide family, as shown previously in [24].

We first cloned the gene encoding Cg-BigDef5 (Cg-bigdef5 gene; GenBank: OP191676).
Two distinct exons were found to encode the two putative domains of the molecule (Fig-
ure 3A), as previously found in Cg-bigdef1 [27]. The first exon of Cg-bigdef5> encodes the
predicted signal peptide (or predomain, 23 residues), the prodomain (13 residues), and
the N-terminal domain of the mature Cg-BigDef5 (42 residues). The second exon encodes
a short linker (3 residues) and the C-terminal p-defensin-like domain (42 residues), with
the canonical spacing of cysteines for big defensins [Cys-Xaau-14-Cys-Xaa@-Cys-Xaaqs-19-
Cys-Xaau-n-Cys-Cys] [27] (Figure 3B). After posttranslational modifications (which in-
clude removal of the preprodomain, oxidation of the three disulfide bridges, glutamine to
pyroglutamic acid conversion, and C-terminal amidation by removal of a glycine residue),
the calculated molecular weight (MW) of Cg-BigDef1 was 10,692 Da (93 amino acids). The
calculated MW for Cg-BigDef5 was 9977 Da (86 amino acids) after the removal of the pre-
prodomain, disulfide bridge oxidation, and C-terminal amidation by removal of a glycine
residue (Figure 3C). Overall the two mature peptides show 62.8 % identity (54/86 identical
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residues) with a calculated positive net charge of + 6 and + 7 at pH = 7.4 for Cg-BigDef1
and Cg-BigDef5, respectively.

The N-terminal domain of both peptides is hydrophobic and positively charged in
the region preceding the linker due to repeats of basic residues such as arginine in Cg-
BigDef1 and lysine in Cg-BigDef5. One remarkable difference between the two big defen-
sins is the length of the linker that connects the two domains, with 10 amino acid residues
in Cg-BigDef1 and only three amino acid residues in Cg-BigDef5.

o\ 271 bp [ untranslated regions
A 24750 190bp 241bp 143 bp [ signal peptide
. . W prodomain
’ ’ } ! B N-terminal region
. R B linker
Cg—bfngfl Cg-b,gdefs B C-terminal region
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Figure 3. Gene structure and primary sequence of Cg-BigDef1 and Cg-BigDef5. (A): Schematic rep-
resentation of Cg-BigDef1 (GenBank: JN251125) and Cg-BigDef5 (GenBank: OP191676) genes. Exons
are represented by boxes; introns are represented by lines. The length of each exon/intron is dis-
played. Grey and black boxes represent nucleotide sequences encoding the signal peptides and pro-
domains, respectively, while white boxes represent untranslated regions. Blue, red and green boxes
represent nucleotide sequences encoding the N-terminal hydrophobic domain, the linker region and
the C-terminal (3-defensin-like domain of the mature big defensins, respectively. (B): Prepropep-
tides. Alignment of Cg-BigDef1 (131 amino acid residues) and Cg-BigDef5 (124 amino acid residues)
precursor sequences. The signal peptides, prodomains, the hydrophobic (N-terminal) and the (3-
defensin-like (C-terminal) domains are in boxes. Conserved amino acids are highlighted in black.
The linker region is shown in red. (C): Putative mature peptides. Alignment of C¢-BigDef1 (93 amino
acid residues) and Cg-BigDef5 (86 amino acid residues). Cg-BigDef1 starts with a pyroglutamic acid
(Z) and ends with an amidated arginine (R-xn2). Cg-BigDef5 ends with an amidated leucine (L-xH2).
Both Cg-BigDef1(1-93) and Cg-BigDef5(1-86) are folded by three intramolecular disulfide bridges
as shown by arrows.

Cg-BigDef1 and Cg-BigDef5 were synthesized using a combination of solid-phase
peptide synthesis, native chemical ligation, and oxidative folding as previously described
for Cg-BigDefl [26,27] (see Supplementary Figure S6 for HPLC and mass spectrometry
characterization). Synthetic Cg-BigDef1 (1-93) corresponds to mature Cg-BigDef1 (Figure
3C) [27]. Synthetic Cg-BigDef5 (1-86) corresponds to mature Cg-BigDef5 (Figure 3C) with
a substitution of Met14 by norleucine (Nle) (this study). Detailed optimization of Cg-
BigDef5 (1-86) synthesis and NMR structure determination will be described elsewhere
[34].

2.4. Specificity, Synergy, and Complementary Broad-Spectrum Activity of Cg-BigDefl and
Cg-BigDef5 against Bacteria from the Oyster Microbiota

We used synthetic Cg-BigDef1 and Cg-BigDef5 to study their antibacterial activities
against bacteria from the microbiota of C. gigns, including strains relevant to oyster infec-
tions. All assays were performed under physiological conditions, i.e., at a high salt con-
centration (400 mM NaCl).
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Cg-BigDef1 showed antibacterial activity against 11/26 strains from C. gigas microbi-
ota (Table 1). In total, Cg-BigDefl was bactericidal against six strains. High bactericidal
activity was observed against Bacillus sp. 15.5814 (MIC = 40 nM, MBC =310 nM). In addi-
tion, bactericidal activity was recorded against Alcanivorax sp. 15.5817, Alteromonas sp.
15.5805, Halomonas sp. 15.5829, Pseudoalteromonas sp. 15.5809 and Winogradskyella sp.
08.27-4T1 with MICs in the range of 1.25-10 pM and MBCs in the range of 5-10 uM. Up
to 10 pM, Cg-BigDef1 was inhibitory but not bactericidal against five additional strains,
namely Aquimarina sp. LTB 128, Marinomonas sp. 15.5827, Martellela sp. 15.5818, Shewanella
sp. 15.5830, and Tenacibaculum sp. 08.072-4T6 with MICs ranging from 1.25 to 5 uM (Table
1). All strains except Aquimarina sp. LTB 128 were isolated from diseased oysters.

Cg-BigDef5 tended to be less active than Cg-BigDefl. Still, it showed antibacterial
activity against 9/26 tested strains from the C. gigas oyster microbiota (Table 1). The high-
est activity was recorded against Marinomonas sp. 14.063 with a MIC of 0.6 pM. Cg-BigDef5
was also active against Alteromonas sp. 15.5805, Aquimarina sp. LTB 128, Bacillus sp.
15.5814, Marinobacterium sp. 05.091-3T1, Martellela sp. 15.5818, Ruegeria sp. 15.5815, She-
wanella sp. 15,5830, and Sulfitobacter sp. 12.141-5T2 with MICs ranging from 1.25 to 10 uM.
No bactericidal activity was observed at concentrations <10 pM.

Overall, Cg-BigDefl and Cg¢-BigDef5 were both active at a salt concentration (400 mM
NaCl) pertinent to marine bacteria. They showed strain specificity and complementary
activity spectra against the marine strains of the oyster microbiota collection: five strains
were susceptible to both peptides, whereas six and four strains were only susceptible to
Cg-BigDef1 and Cg-BigDef5, respectively. Only Cg-BigDefl was active against Marinomo-
nas sp. 15.5827, Pseudoalteromonas sp. 15.5809, and Tenacibaculum sp. 08.072-4T6, Al-
canivorax sp. 15.5817, Halomonas sp. 15.5829, Winogradskyella sp. 08.27-4T1. Conversely,
only Cg-BigDef5 was active against Marinobacterium sp. 05.091-3T1 and Marinomonas sp.
14.063, Ruegeria sp. 15.5815 and Sulfitobacter sp. 12.141-5T2. Both Cg-BigDefl and Cg-
BigDef5 were active against Alteromonas sp. 15.5805. These data show that Cg-BigDef se-
quence diversity extends the activity spectrum at the inter-genera level. The example of
Marinomonas sp. strains, which are susceptible to different Cg-BigDefs, highlights an un-
discovered specificity of Cg-BigDefs and illustrates that their sequence diversity extends
their activity spectrum at an intra-genus level as well. It is important to note that all the
strains mentioned here have a significant role in oyster health: they have been isolated
from OsHV-l-infected oysters https://doi.org/10.12770/0d529567-92fd-4dcd-9d9c-
70e98ab6f772 (accessed on 14 October 2022), and several of them belong to a set of con-
served genera that proliferate during OsHV-1-induced dysbiosis [30].

Finally, we tested the synergies of Cg-BigDef1 and Cg-BigDef5, by the checkerboard
microtiter assay, against a Gram-positive and a Gram-negative strain displaying the low-
est MICs for both peptides. The two big defensins acted synergistically against both
strains. Indeed, synergy was recorded against the Gram-negative Alteromonas sp. 15.5805,
with a fractional inhibitory concentration (FIC) index value of 1 (Table 1). Strong synergy
was observed against the Gram-positive Bacillus sp. 15.5814 with an FIC value of 0.35 (Ta-
ble 1).

Table 1. Activity Spectrum and Synergy of Cg-BigDefl and Cg-BigDef5 against bacteria associated
with disease in the oyster.

Cg-BigDef1 (1-93)  Cg-BigDef5 (1-86)  FIC

Strain MIC (M) MBC (uM) MIC (uM) MBC (uM) Index
Alcanivorax sp. 15.5817 2.50 5 >10 >10 nt
Alteromonas sp. 15.5805 1.25 5 2.50 >10 1
Aquimarina sp. LTB 128 5 >10 2.50 >10 nt
Bacillus sp. 15.5814 0.04 0.31 1.25 >10 0.35
Halomonas sp. 15.5829 2.50 10 >10 >10 nt
Marinobacterium sp. 05.091-3T1 >10 >10 2.50 >10 nt
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We are still unable to explain which structural determinants play a role in the speci-
ficity of Cg-BigDefs. For instance, we do not know whether residues exposed in the linker
(i.e., the most diversified residues) play a role in the interaction with microbes. Another
unresolved issue is the salt stability of Cg-BigDef activity at high salt concentrations. In-
deed, both Cg-BigDef1 and Cg-BigDef5 were active against a wide range of marine bacte-
ria at 400 mM NaCl, in agreement with previous findings for C¢g-BigDef1 [27]. This stabil-
ity of the antimicrobial activity is unique and essential for the peptides to participate as
direct effectors in oyster antimicrobial defense. While many questions are still open on the
structure-activity relationships of big-defensins and their domains, the molecular tools are
now available to unveil the consequences of sequence variation in the interactions of Cg-
BigDefs domains with the bacteria and/or in nanonet assembly. The same applies to bac-
teria from the oyster microbiota, with a collection of culturable bacteria that will be highly
useful for testing functional hypotheses.

Conclusions

We have demonstrated that sequence diversification in Cg-BigDefs has helped to im-
prove oyster defense against pathogens and to control oyster-associated bacterial commu-
nities. Indeed, we highlighted an undiscovered specificity and synergy between Cg-
BigDefs, which broadened their activity spectrum. These results pave the way for future
studies on the mechanism of action of big defensins, which may vary depending on bac-
terial targets.

4, Materials and Methods
4.1. Chemicals and Reagents

MilliQ water (Merck Millipore, Billerica, MA, USA) was used. LC-MS-grade acetoni-
trile (ACN) was obtained from Carlo-Erba Reagents (Val de Reuil, France). LC-MS-grade
formic acid (FA), trifluoroacetic acid (TFA), and alpha-cyano-4-hydroxycinnamic acid (4-
HCCA) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.2. Oysters

Oysters with limited genetic diversity were obtained as follows. Genitor oysters were
collected in 2015 from the Le Dellec area in Brest bay, which is devoid of shellfish farming.
The first generation of full siblings was produced, named F14, as described in [21]. From
this family, two oysters were used to generate a second generation of full siblings, referred
to as F14V (Decicomp project ANR-19-CE20-004). Offspring were kept at the Ifremer
hatchery in Argenton (France) up to day 40. Then, they were grown at the Ifremer station
in Bouin (France) until they were 10 months old.

4.3. Bacterial Strains and Culture Conditions

Strains and media are listed in the Ifremer Sextant catalog at
https://doi.org/10.12770/0d529567-92fd-4d cd-9d9c-70e98ab6£772 (accessed on 14 October
2022).

Isolation of bacteria from oyster flesh and antibacterial assays were performed in Zo-
bell medium at 20 °C. Zobell medium is composed of artificial seawater (ASW) [44] sup-
plemented with 0.4% bactopeptone and 10% yeast extract, pH 7.8.

Bacteria were isolated from the flesh of live oysters affected by the Pacific Oyster
Mortality Syndrome (susceptible families F11, F14, and F15 from the Decipher project
ANR-14-CE19-0023) [21]. Additional bacteria isolated from diseased oysters were pro-
vided by the French National Reference Laboratory (Ifremer, La Tremblade, France). Fi-
nally, bacteria isolated from healthy commercial or wild oysters were included.
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Marinomonas sp. 14.063 >10 >10 0.60 >10 nt
Marinomonas sp. 15.5827 2.50 >10 >10 >10 nt
Martellela sp. 15.5818 2.50 >10 1.25 >10 nt
Pseudoalteromonas sp. 15.5809 10 10 >10 >10 nt
Ruegeria sp. 15.5815 >10 >10 10 >10 nt
Shewanella sp. 15.5830 1.25 >10 10 >10 nt
Sulfitobacter sp. 12.141-5T2 >10 >10 2.50 >10 nt
Tenacibaculum sp. 08.072-4T6 1.25 >10 >10 >10 nt
Winogradskyella sp. 08.27-4T1 1.25 5 >10 >10 nt

MIC values reported in micromoles per liter (UM) refer to the minimum concentration required to
achieve 100% growth inhibition. MBC values (uM) refer to the minimum concentration required to
kill 100% of the bacteria. Activities were measured in Zobell medium at 400 mM NaCl. All bacteria
were isolated from C. gigns during mortality episodes. Under the test conditions, no activity was
recorded against Amphitrea sp. 14.114-3T2, Arcobacter sp. 08.122-3T1, Arcobacter sp. 14.060-1T2, Col-
wellia sp. 09.021-3T1, Idiomarina sp. 15.5813, Photobacterium sp. 08.091-5T2, Psychrobacter sp. 15.5825,
Shewanella sp. 15.5812, Vibrio crassostreae 7F5-29, Vibrio harveyi Th15-O-A01, Vibrio tasmaniensis 7G7-
3. The synergies of Cg-BigDef1 and Cg-BigDef5 were measured as described previously [35]. Results
are expressed as FIC index values according to the following formula: FIC = [Cg-BigDef1]/MICc;-
BigDef1 + [ Cg-BigDef5]/MICcgsigbers, where MICcgsignert and MICcgsigners, are the MICs of the Cg-BigDef1
and Cg-BigDef5 tested alone and [Cg-BigDef1] and [Cg-BigDef1] are the MICs of the two peptides
tested in combination. FIC index values are interpreted as follows: <0.5, strong synergy; 0.5 to 1,
synergy; 1 to 2: additive effect; 2, no effect; >2, antagonism. nt stands for not tested. Boldface is used
for active concentrations (MIC, MBC) and synergistic combinations of Cg-BigDefs (FIC).

To summarize, Cg-BigDefl and Cg-BigDef5 exhibit a broad activity spectrum. They
show strain specificity, as well as complementary activities. Together they inhibit the
growth of 15/26 strains tested. Finally, they act synergistically against both Gram-positive
and Gram-negative bacteria. Altogether, these data show that sequence diversification of
Cg-BigDefs has generated antimicrobial specificity and extended the activity spectrum of
the peptide family against marine bacteria from the oyster microbiota, including strains
associated with oyster pathologies.

3. Discussion

We found that oyster big defensins (Cg-BigDefs), a family of AMPs that have widely
diversified in mollusks, can alter oyster microbiota composition in vivo as a result of direct
antimicrobial activity against members of the oyster microbiota. Remarkably, we ob-
served that sequence diversification had generated antimicrobial specificity as well as syn-
ergy between Cg-BigDefl and Cg-BigDef5, thereby extending the activity spectrum of the
peptide family and increasing its potency.

Until now, it was largely unknown whether AMPs could shape the microbiota of
mollusks, while this had been demonstrated in other animal phyla, particularly mammals
[4], cnidarians [14], and insects [6]. Furthermore, when available, antimicrobial data have
been largely acquired on microorganisms unrelated to molluscan health [27,36,37]. The
lack of knowledge on immune/microbiota interactions in mollusks is due to several meth-
odological obstacles and knowledge gaps. Among them, it is worth mentioning (i) the
only recent description of molluscan microbiomes, accelerated by facilitated access to
next-generation sequencing (for oysters, see [18,19,31]); (ii) the lack of well-characterized
culturable microbiota; and (iii) difficulties in producing a sufficient amount of high-qual-
ity AMPs and in developing efficient and reliable tools for gene knock-in, knock-out, and
knock-down in several molluscan species. These difficulties were circumvented in this
work by the chemical synthesis of pure big defensins from C. gigas according to our pre-
viously described procedure [26] and the construction of a collection of culturable bacteria
isolated from oysters with known health status (identification by 16S phylogeny and
MALDI Biotyping). With such tools, we showed that Cg-BigDefs have broad-spectrum
activities against bacterial strains from the oyster microbiota, including strains associated
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with major infectious diseases in oysters. In line with these observations, in vive, Cg-
BigDef1 induced significant changes in oyster microbiota B-diversity. This is consistent
with in vive results recently obtained by Schmitt and collaborators in the scallop Argopen-
ten purpuratus [22]. The authors showed that the big defensin ApBD1 and the bacteri-
cidal/permeability-increasing protein ApLBP/BPI1 have the potential to shape the hemo-
lymph microbiota of the scallop, particularly by regulating the proliferation of y-proteo-
bacteria. Our present work shows that changes in microbiota composition observed in vivo
are linked to direct antimicrobial activities of Cg-BigDefs against bacteria belonging to the
microbiota. Similar to human a-defensin HD-5 in the mice gut [38], Cg-BigDef1 did not
alter the overall bacterial load in oysters. Moreover, Cg-BigDefl had no negative effects
on oyster microbiota diversity, probably due to the specificity of the peptides, which as
host-defense effectors, have evolved to acquire antimicrobial activity against given bacte-
rial strains without disrupting the entire oyster microbiota. Supporting this hypothesis,
microbiota alterations were mainly visible at the ASV taxonomic level, indicating high
specificity. For instance, upon treatment with Cg-BigDef1, we observed a reduced amount
of Vibrio (y-proteobacteria), which was in agreement with the in vitro activity of ApBD1 in
the scallop [22]. Changes were visible in whole-tissue microbiota. However, microbiota
composition was shown to vary significantly between oyster tissues (hemolymph, gut,
gills, mantle) [28]. Therefore, it is likely that more contrasting effects of Cg-BigDefs occur
on specific tissue microbiota, particularly in the hemolymph, which carries the Cg-BigDef-
producing cells, the hemocytes [23]. With mounting evidence on the regulatory role of
AMPs on host-microbiota across animal phyla, including mollusks ([22], this study), one
key question to be addressed in the future is how this affects the functions the microbiota
serve in their host tissues.

A striking feature of the evolutionary history of big defensins is their extensive di-
versification in some molluscan species, particularly the oyster C. gigas and the mussels
Muytilus galloprovinciallis and Dreissena rostriformis, while they did not diversify in other
species (e.g., the scallop A. purpuratus) [24]. The functional consequences of this diversifi-
cation have remained unexplored. Our present results demonstrate that sequence diver-
sification has generated specificity and synergy among Cg-BigDefs, as evidenced by two
members of the Cg-BigDef family, Cg-BigDefl and Cg-BigDef5. Antibacterial specificity
was observed from the bacterial genus down to the strain level within a given genus. De-
pending on bacterial strains, Cg-BigDefs were bactericidal or simply inhibitory, with con-
trasting MICs, from 40 nM to 10 uM. This suggests that distinct mechanisms of action can
underpin Cg-BigDefs activities against the diversity of bacteria encountered in the oyster
microbiota. Activities in the nanomolar range are consistent with receptor-mediator activ-
ities [36,39], while activities in the micromolar range are typically reported for membrane-
active AMPs [40]. In oyster defensins (Cg-Defs), which have also diversified in oysters, we
previously observed that sequence variation altered the activity of the peptide (more or
less potent) without affecting the peptide range of activity [35]. Here, we also showed that
sequence diversification was key to generating antimicrobial synergy between two mem-
bers of the Cg-BigDef family. Similarly, sequence diversification generated synergy in two
other families of oyster AMPs, the defensins Cg-Defs and the proline-rich peptides Cg-
Prps [35]. Although not studied in the present article, synergy also occurred between AMP
families, as observed between the bactericidal permeability-increasing protein Cg-BPI, Cg-
Prps, and Cg-Defs in the oyster C. gigas and between Attacins and Diptericins in the insect
D. melanogaster [41]. Thus, the in vivo effects of Cg-BigDefs on the shaping of oyster micro-
biota are likely to extend well beyond the observations in this paper, where we tested the
effects of only one member of the Cg-BigDef family. This was also the case in the A. pur-
puratus scallop study. However, in scallops, unlike other molluscan species (oysters and
mussels) big defensins have not diversified and the activity of ApBD1 recapitulates that
of the entire AMP family. Overall, we have highlighted an important role for sequence
diversification in increasing the antimicrobial potential of oyster Cg-BigDefs, by generat-
ing both antimicrobial specificity and synergy, an observation that extends at least to two

253



Annexes

Mar. Drugs 2022, 20, 745

11 of 19

additional peptide families, Cg-Defs and Cg-Prps. We can hypothesize that some species
of bivalve mollusks, such as oysters, have diversified their repertoire of AMPs to increase
their adaptive potential while constantly exposed to diversified microbial communities.

While sequence diversification was shown to be a major asset in terms of antimicro-
bial defenses, we still do not know how antimicrobial specificity is generated. We have
shown that changes in primary structure between Cg-BigDef1 and Cg-BigDef5 (62.8% se-
quence identity) produced antibacterial specificity. Cg-BigDefl and Cg-BigDef5 have sim-
ilar biophysical parameters in terms of size (86-93 amino acids) and positive net charge at
neutral pH (+6 to +7 at pH =74, i.e., oyster physiological pH), with conserved domains,
as recently determined by NMR ([34]; Figure 4 top panel). The position and pairing of
cysteines are also similar. A major difference observed between Cg-BigDefl and Cg-
BigDef5 was the length and primary sequence of the linker region connecting the N-ter-
minal hydrophobic domain and the C-terminal B-defensin-like domain, whereas the five
residues linker of Cg-BigDef5 is exposed to the solvent, the ten residues linker of Cg-
BigDef1 plays a key role in the 3D compaction of the protein by being buried at the inter-
face of the two domains and locking their relative orientation [27]. In Cg-BigDef1 and Cg-
BigDef5, the orientation of the N- and C-terminal domains differs by around 100° (dihe-
dral angle value between the (3-sheet of the N-term domain and the last strand of the -
sheet of the C-term domain (Figure 4 top panel), leading the a-helix of the C-term domain
not involved in the interaction interface between the two domains. We also looked at sur-
face properties, as the surface charge is considered critical for the interactions of AMPs
with bacteria [42]. However, no real quantitative difference can be observed between Cg-
BigDefl and Cg-BigDef5. Both are highly cationic, and positive charge repartition is
shared by the N-terminal and C-terminal domains, yet the positive surface of each mole-
cule is on opposite sides (Figure 4 middle panel). Since the salt concentration in the oyster
is very high (similar to seawater), charges may be shielded and might not be the primary
type of interaction that is important for bacterial interaction. Instead, the hydrophobicity
of the big defensin surface could play a major role in how the molecules approach their
target. As seen in Figure 4 (bottom), Cg-BigDef1 displays a more hydrophobic C-terminal
domain than Cg-BigDef5, whereas Cg-BigDef5 displays a more hydrophobic N-terminal
domain than Cg-BigDef1.

Cg-BigDef1 (6QBL) Cg-BigDef5 (8BGK)

’\‘:‘,—/\‘—\ 5
o~ o &" i
27 P et

Figure 4. Structure comparison of Cg-BigDef1 and Cg-BigDef5. Top—Cartoon representation. Mid-
dle—Electrostatic potential on the accessible surface of the proteins with red representing negative
charges and blue representing positive charges. Bottom —Hydrophobicity potential on the accessi-
ble surface of proteins with light blue representing hydrophilic properties and brown representing
hydrophobic properties. Both electrostatic and hydrophobic potential were determined using Chi-
meraX software [42,43].
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4.4. Molecular Phylogeny Based on 165 RNA

Taxonomic assignment down to the genus was performed for each strain by molec-
ular phylogeny based on the sequence of the V3-V4 region of 165 rRNA obtained by
Sanger sequencing. In order to consolidate the phylogenetic tree, at least one Genbank
reference sequence corresponding to a Type (T) strain per genus of interest was added
from the NCBI database (Table 54). The 95 sequences were trimmed at 405 bp (V3-V4 loop)
using BioEdit and aligned using ClustalW. The phylogenetic tree was constructed by the
Maximum Likelihood method with the Kimura 2-parameter model [45] using MEGA X
software [46] and annotated using ITOL software [47]. The branches are supported by the
bootstrap method with 500 iterations.

4.5. Identification of Bacterial Isolates by Matrix-Assisted Laser Desorption Ionization Mass
Spectrometry (MALDI Biotyping)

MALDI Biotyping was used to confirm 16S taxonomic assignments or, when the li-
braries required it, to enrich them with new bacteria absent from MALDI libraries (com-
mon for marine strains). For these purposes, a protocol coupling inactivation with 75%
ethanol and extraction with 70% formic acid was performed based on the MALDI Bio-
typer® protocol (Bruker Daltonics, Bremen, Germany). Briefly, from each plate, one iso-
lated colony was suspended in MilliQQ water in 1.5 mL Eppendorf tubes. Ethanol (100%)
was added to the suspension, and the tubes were centrifuged twice (13,000 rpm, 2 min).
Subsequently, 10 pL of a 70% formic acid solution was added to the pellet. In order to
complete the extraction, 10 pL of pure acetonitrile was added. One microlitre of each ex-
tract was deposited three times (technical replicates) on a MALDI target (Bruker Dalton-
ics, Bremen, Germany), air-dried, and coated with 1 uL of fresh alpha-cyano-4-hy-
droxycinnamic acid matrix in a saturating amount in a solution of 50% ACN and 2.5%
TFA (Bruker Daltonics, Bremen, Germany). The MALDI MS spectra of these spots were
acquired with an Autoflex III Smartbeam MALDI-TOF MS, recording masses ranging
from 2,000 to 20,000 Da using standard parameters (flexControl 3.4, Bruker Daltonic, Bre-
men, Germany), and interrogated against the existing databases. For bacteria species not
present in the existing MALDI Biotyper® reference mass spectra libraries, a reference spec-
trum was created and entered in our local database, as follows: the bacterial extract was
spotted 8 times, each spot analyzed three times, for a total of twenty-four recorded spectra
per bacterial strain. After manual checking, the twenty better spectra were transformed
into an average spectrum by the MBT Compass Explorer software, The BTS (bacterial test
standard) serves as a calibrator and contains Escherichia coli extract. The reference libraries
used for the analysis are the official Bruker MALDI Biotyper® spectral library (MBT refer-
ence library https://www .bruker.com/en/products-and-solutions/microbiology-and-diag-
nostics/microbial-identification/maldi-biotyper-library-ruo.html; accessed on 10 October
2022) and the freely available EnviBase exclusively dedicated to the identification of po-
tentially pathogenic Vibrio in marine mollusks (seanoe.org) [48].

4.6. Molecular Cloning and Sequence Data Analysis

The Cg-BigDef5 gene was PCR-amplified using specific primers (Fw: 5'-
AATCAAGTCAACATGAACAG-3'; Rv: 5-TTATCCTAGATTTCTAGGTC-3') based on a
transcript sequence previously found in publicly available databases [24], cloned into a
pGEM-T Easy vector (Promega) and then sequenced using the Sanger dideoxy methodol-
ogy (Applied Biosystems 3500 Series Genetic Analyzer). Exon—intron boundaries were de-
fined by the alignment of cDNA and genomic sequences. Nucleotide sequences were
manually inspected and translated using the ExPASy Translate Tool
http://web.expasy.org/translate/ (accessed on 1 September 2022). Prediction of signal pep-
tides and other posttranslational processing was carried out using the ProP 1.0 server
https://services.healthtech.dtu.dk/service.php?ProP-1.0 (accessed on 1 September 2022),
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while the theoretical isoelectric point (pI) and molecular weight (MW) of the mature pep-
tides were calculated using the Expasy ProtParam Tool http://web.expasy.org/protparam/
(accessed on 1 September 2022). Multiple alignments of amino acid sequences were gen-
erated using MUSCLE with default parameters https://www.ebi.ac.uk/Tools/msa/muscle/
(accessed on 1 September 2022).

4.7. Peptide Synthesis and Net Charge Calculation

Cg-BigDefl was synthesized as already described, using a combination of solid-
phase chemical synthesis and native chemical ligation (NCL) followed by a thermody-
namically controlled oxidative folding step [26,27,49]. Cg-BigDef5 was obtained following
a similar synthetic scheme (see Supplemental Figure S5 and [34] for optimization and de-
tails, as well as for 3D structure determination by NMR).

Peptide net charges at pH = 7.4 (oyster physiological pH) were predicted using the
IPCprotein pKa dataset [50]. Cg-BigDefl net charge = +6.05 (6.00 negative charges and
12.05 positive charges, calculated taking into account 12 Arg, 4 Asp, 2 Glu, 3 His, and 8
Tyr). Cg-BigDef5 net charge = +6.95 (4.00 negative charges and 10.95 positive charges, cal-
culated taking into account 7 Arg, 3 Asp, 1 Glu, 2 His, 3 Lys, 8 Tyr, and the N-terminal
amine group).

4.8. Determination of the Minimum Inhibitory Concentrations (MIC), Minimum Bactericidal
Concentrations (MBC), and Synergy.

Cg-BigDef1(1-93) and Cg-BigDef5(1-86) were dissolved in MilliQ water at a concen-
tration of 200 uM. Peptide concentration control was performed with a NanoDrop One
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) using a molar epsilon at 280
nm of 23,295 M-".cm for Cg-BigDef1 (peptide batch ARO-I-78) and of 34,295 M".cm™ Cg-
BigDef5 (peptide batch ARO-1-113).

MIC and MBC values were determined as previously described [35]. Briefly, big de-
fensins stock solutions were serially diluted in sterile MilliQ water. A total of 10 pL of
peptides were incubated with 90 uL of bacterial suspension, brought to the exponential
growth phase, and adjusted to Aswo=0.001 in Zobell medium at 20 °C. Bacteria were grown
under shaking in a sterile, non-pyrogenic polystyrene 96-well plate (Falcon). Growth was
monitored at 600 nm on a TECAN spectrophotometer with one measurement/h over 24 h.
MIC values are expressed as the lowest concentration tested (uM) that results in 100%
growth inhibition. For the determination of MBCs, after a 24 h incubation, 100 pL of each
well were plated on Zobell agar medium at 20 °C. MBC values are expressed as the lowest
concentration tested (uM) for which no colonies could be counted on a Petri dish.

Synergies between Cg-BigDefl and Cg-BigDef5 were measured as previously de-
scribed using the checkerboard microtiter assay, which enables highlighting a potential
reduction of the MIC values of each peptide when used in combination. In this assay, 2-
fold serial dilutions of one peptide are tested against 2-fold serial dilutions of the other
peptide. Results are expressed by calculating fractional inhibitory concentration (FIC) in-
dex values [35].

4.9. Microbiota Modifications Induced by Cg-BigDefl In Vivo

A biparental family of juvenile C. gigas oysters (family F14-V, 10 months old, average
wet weight of flesh 200+/-27 mg) was used in in vivo assays. All oysters were maintained
under controlled biosecurity conditions to ensure their specific pathogen-free status. For
anesthesia, oysters were kept for 12 h outside seawater tanks and anesthetized two hours
before the experiment in seawater containing 50 g/L. MgClz [51]. Control animals (n = 8)
were collected before (NTC, non-treated controls) and after the entire anesthesia proce-
dure (AC, anesthesia controls). Before injection into oysters, Cg-BigDefl was dissolved in
sterile ASW at a concentration of 20 uM. Concentration was verified as described above
for MIC and MBC determination. Injection of Cg-BigDefl (50 uL) was performed right
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after anesthesia by injection into the oyster adductor muscle to reach a final concentration
of 5 uM of Cg-BigDef1 in oyster flesh. An injection of 50 LL sterile ASW was used as a
control treatment. Oysters (n = 8 per condition) were sampled 10 min (T0), 6 h (T6), and
24 h (T24) after injection. For oyster sampling, shells were removed, and flesh was recov-
ered and snap-frozen in liquid nitrogen. Individual oysters were ground in liquid nitro-
gen in 50 mL stainless steel bowls with 20-mm-diameter grinding balls (Retsch MM400
mill) and stored at 80 °C until DNA extraction. DNA extraction was performed as de-
scribed in [21] using the Nucleospin tissue kit (Macherey-Nagel). DNA concentration and
purity were checked with a NanoDrop One (Thermo Fisher Scientific).

4.10. 165 rRNA Metabarcoding

Bacterial metabarcoding was performed using 165 tRNA gene amplicon sequencing.
Libraries were generated using the Illumina two-step PCR protocol targeting the V3-V4
region  (341F: 5-CCTACGGGNGGCWGCAG-3; 805R: 5-GACTACHVGGG-
TATCTAATCC-3') [52]. Sequencing was performed at the Bioenvironment Platform (Uni-
versity of Perpignan). A total of 64 libraries were paired-end sequenced with a 2 x 250 bp
read length on a MiSeq system (Illumina) according to the manufacturer’s protocol. Raw
sequence data are available in the SRA  database BioProject ID
https://doi.org/10.12770/c960676e-2515-46f0-a313-4a91ac91908a (accessed on 17 October
2022).

Sequencing data were processed using the SAMBA pipeline v3.0.1. The SAMBA
workflow, developed by the SeBiIMER (Ifremer’s Bioinformatics Core Facility), is an open-
source modular workflow to process eDNA metabarcoding data. SAMBA is developed
using the NextFlow workflow manager [53]. All bioinformatics processes are mainly
based on the use of the next-generation microbiome bioinformatics platform QIIME 2 [54]
(version 2020.2) and the approach of grouping sequences in ASV (Amplicon Sequence
Variants) using DADA2 v1.14, [55]). Taxonomic assignment of ASVs was performed using
a Bayesian classifier trained with the Silva database v.138 using the QIIME feature classi-
fier [56]. Statistical analyses were also performed with R (R Core Team, 2020) using the R
packages Phyloseq v1.38.0 [57] and Vegan v2.6-2 [53].

For a-diversity, we used the full data set to analyze differences in regularity (calcu-
lated as H/In (S), where H is the Shannon-Wiener index, and S is species richness) and
species richness (total number of species) using SAMBA pipeline and ANOVA.

For p-diversity, the ASV matrix of all 64 libraries was preliminarily normalized.
Briefly, after verification of the rarefaction curves produced with the ggrare function [57]),
libraries were sub-sampled to 45,361 reads using the rarefy_even_depth function. The
normalized ASV matrix was then filtered for low-abundance ASVs to limit the prevalence
of putative artifacts due to sequencing errors. For this purpose, only ASVs with at least
four reads in at least four samples were retained. We then retained samples associated
with ASW and Cg-BigDefl experimental conditions at T0, T6, and T24. The variation in
microbiota composition was then investigated using principal coordinate analyses
(PCoA) based on Bray—Curtis distances at each kinetic point. Putative differences between
groups were assessed by statistical analyses (Permutational Multivariate Analysis of Var-
iance-PERMANQVA) using the adonis2 function implemented in vegan [58].

The mean relative abundance of the 10 most abundant bacterial genera in the oyster
microbiota was also estimated. Results were graphically represented by a heatmap. We
used the STAMPS software [59] to represent an extended error bar. Statistical differences
were assessed by Welch’s t-test with the Benjamini—-Hochberg procedure, which controls
the false discovery rate (FDR).

Finally, we used DESeq2 v1.36.0 [60] to identify ASVs whose abundance significantly
varies in oysters injected with Cg-BigDefl or ASW (control) for the last kinetic point (i.e.,
T24). Differential abundance was analyzed using a negative binomial method imple-
mented in the DESeq2 package as recommended by [57]. For this latter analysis, we only

257



Annexes

Mar. Drugs 2022, 20, 745

16 of 19

considered ASVs with an adjusted p value < 0.01. Note that ASVs lacking genera annota-
tion and qualified as “unknown” were not considered for result interpretation.

4.11. Quantification of Total 16S Bacterial DNA

Total of 165 bacterial DNA was quantified by quantitative PCR (qPCR). All amplifi-
cation reactions were analyzed using a Roche LightCycler 480 Real-Time thermocycler
(qPHD-Montpellier GenomiX platform, Montpellier University, Montpellier, France). The
total qPCR reaction volume was 1.5 pL and consisted of 0.5 uL DNA (30 ng.puL?) and 0.75
uL LightCycler 480 SYBR Green I Master mix (Roche) containing 0.5 uM PCR primer (Eu-
rogenetec SA). Primers used for total bacteria were 341F 5-CCTACGGGNGGCWGCAG-
3" and 805R 5'-GACTACHV GGGTATCTAATCC-3', which target the 165 variable V3V4
loops [52]. A Labcyte Acoustic Automated Liquid Handling Platform (ECHO) was used
for pipetting into the 384-well plate (Roche). A LightCycler® 480 Instrument (Roche) was
used for gPCR with the following program: enzyme activation at 95 °C for 10 min, fol-
lowed by 40 cycles of denaturation (95 °C, 10 s), hybridization (60 °C, 20 s) and elongation
(72 °C, 25 s). A melting temperature curve of the amplicon was then performed to verify
the specificity of the amplification. Relative quantification of 16S bacterial DNA copies
was calculated by the 2-44¢a method [61] using the mean of the measured cycle threshold
values of a reference gene (Cg-EF1a (elongation factor 1a), GenBank: AB122066), as a cal-
ibrator.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/md20120745/s1, Table S1: Permutational multivariate analy-
sis of variance (PERMANOV A) table of oyster microbiota at ASV level for experimental anesthesia;
Table S2: Permutational multivariate analysis of variance (PERMANOVA) table of oyster microbi-
ota at ASV level comparing experimental injections (i.e. oysters injected with ASW/ with Cg-
BigDef1); Table S3: Results of ad hoc pairwise PERMANOVA testing for differences in oyster mi-
crobiota at ASV level between experimental conditions (i.e. injected with ASW/ injected with Cg-
BigDef1); Table S4: List of standard strains used as reference sequences in the 165 phylogenetic anal-
ysis; Figure S1: Species richness rarefaction curves; Figure 52: Lack of effect of anesthesia on the
oyster microbiome ; Figure 53: No changes in oyster microbiota a-diversity after injection of Cg-
BigDef1; Figure S4: Differences in oyster microbiota between ASW and Cg-BigDef1 conditions for
the top10 genera; Figure S5: ASVs differentially represented at T24 in oyster injected with CgBigDef-
1 or ASW; Figure 56: No changes in total bacterial load in oysters injected with Cg-BigDef1; Figure
S7: Chemical synthesis of Cg-BigDef5 used in this study.
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Abstract

Characterization of the beneficial effects of the natural microflora of the Pacific oyster

Crassostrea gigas for applications in shellfish farming

Recently, the frequency and severity of marine diseases have increased in association with global
changes, and mollusks of economic interest are particularly concerned. A striking example of a
devastating disease is the Pacific Oyster Mortality Syndrome (POMS) caused by the Ostreid
Herpesvirus-1 pVar (OsHV-1 pVar) that emerged in 2008 and which heavily impacts Crassostrea gigas
production worldwide by affecting juvenile oysters. Adult oysters are also affected by infectious
diseases, especially those caused by the bacterial pathogen Vibrio aestuarianus.

In my PhD, I investigated the possibility of using the beneficial effect of the oyster microbiota to fight
against these infectious diseases. It has been reported that some bacterial strains are preferentially
associated with oysters with better survival capacity to the POMS disease. In addition, previous work
has shown that it is possible to educate the oyster immune system through an exposure to healthy
microbiota during their larval development. This experiment had been achieved by using oyster donors
of microbiota. This microbial education had the advantage of using all the potential of the whole
microorganism diversity, but the transferred community were not fully controlled and could be
hazardous. This made this whole microbiota exposure not applicable in aquaculture. In this sense, |
decided to focus my work on controlled microbial environment and investigated their potential
beneficial effect in oyster health.

I generated a collection of bacterial species from naturally disease-resistant C. gigas collected in the
field, and I characterized their effects on oysters. I investigated two possible beneficial strategies: (1) I
performed a microbial education by adding multi-strain bacterial mixes during larval development and
investigated the long-term effect of this exposure at juvenile and adult stages when oysters were
challenged with OsHV-1 and V. aestuarianus. (2) 1 identified antimicrobial-producing bacterial strains
and investigated their short-term effect by adding them to juvenile and adult oysters just before pathogen
challenges. Overall, I showed that both strategies can help fighting against oyster infectious diseases but
strongly relies on oyster genetic.

These findings open new avenues for the development of microbiota-targeted prophylactic approaches
to mitigate diseases in oyster farming.

Key words:

Crassostrea gigas; Holobiont; Microbial education; Antibacterial activity; OsHV-1 uVar; Vibrio
aestuarianus






Résumé

Caractérisation des effets bénéfiques de la microflore naturelle de I'huitre du Pacifique

Crassostrea gigas en vue d'applications en conchyliculture

Récemment, la fréquence et la gravité des maladies marines ont augmenté en lien avec les changements
environnementaux, et les mollusques d'intérét économique sont particulierement concernés. Un exemple
frappant de maladie dévastatrice est le syndrome de mortalité des huitres du Pacifique (Pacific Oyster
Mortality Syndrom ou POMS) causé par 1'Ostreid Herpesvirus-1 uVar (OsHV-1 pVar) qui est apparu
en 2008 et qui a un impact considérable sur la production de Crassostrea gigas dans le monde entier en
affectant les huitres juvéniles. Les huitres adultes sont également touchées par des maladies infectieuses,
en particulier celles causées par la bactérie pathogene Vibrio aestuarianus.

Dans le cadre de mon doctorat, j'ai étudié la possibilité de tirer profit de l'effet bénéfique du microbiote
de l'huitre pour lutter contre ces maladies infectieuses. Il a été rapporté que certaines souches
bactériennes sont préférentiellement associées aux huitres ayant une meilleure capacité de survie a la
maladie POMS. En outre, des travaux antérieurs ont montré qu'il était possible d'éduquer le systeme
immunitaire des huitres en les exposant a un microbiote sain au cours de leur développement larvaire.
Cette expérience a été réalisée en utilisant des huitres donneuses de microbiote. Cette éducation
microbienne présentait 1'avantage d'utiliser tout le potentiel de la diversité des micro-organismes, mais
les communautés transférées n'étaient pas entierement contrdlées et pouvaient donc présenter un risque
de transmission de maladie infectieuse. Cette exposition au microbiote entier n'est donc pas applicable
en aquaculture. C'est pourquoi j'ai décidé de concentrer mon travail sur un environnement microbien
controlé et d'étudier ses effets bénéfiques potentiels sur la santé des huitres.

J'ai pour cela généré une collection de bactéries provenant d’huitre C. gigas, collectées sur le terrain et
naturellement résistantes aux maladies et j'ai caractérisé leurs effets sur les huitres. Deux stratégies
potentiellement bénéfiques ont été étudié :

(1) J'ai réalisé une éducation microbienne du systéme immunitaire de 1’huitre en ajoutant des mélanges
bactériens multi-souches pendant le développement larvaire et j'ai étudié l'effet a long terme de cette
exposition aux stades juvénile et adulte lors d’une infection a OsHV-1 et V. aestuarianus. (2) J'ai
identifié des souches bactériennes produisant des composés antibactériens et j'ai étudié leurs effets a
court terme en les administrant a des huitres juvéniles et adultes juste avant la contamination par des
agents pathogenes.

Ces résultats ouvrent de nouvelles voies pour le développement d'approches prophylactiques ciblées sur
le microbiote afin d'atténuer les maladies dans l'ostréiculture.

Mots clés :

Crassostrea gigas ; Holobiont ; Education microbienne ; Activité antibactérienne ; OsHV-1 pVar ;

Vibrio aestuarianus



