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RESUME

Les environnements aquatiques sont naturellement habités par plusieurs espéces
bactériennes. Cependant, Iaugmentation de 1’urbanisation des cotes estuariennes meéne a
I’introduction de bactéries exogenes (e.g. bactéries fécales Escherichia coli et Enterococcus
Jaecalis) dans les eaux cotieres. En tant qu’organismes filtreurs, les bivalves vivant dans
ces milieux cotiers peuvent accumuler une grande quantité de bactéries, incluant des
bactéries indigenes et exogenes. Présentement, la plupart des recherches effectuées sur
’interaction des bactéries avec les bivalves se concentrent sur les effets des bactéries
pathogeénes en présence ou non d’autres stresseurs (par exemple, les polluants chimiques)
sur la physiologie ou I'immunit¢ des especes commerciales. Mytilus edulis, est
fréquemment utilisée comme espéce sentinelle en écotoxicologie mais est également une
espece commerciale importante au Québec. Le but de cette étude est de mesurer les effets
d’une exposition ponctuelle a Escherichia coli et a Enterococcus faecalis sur — son
immunocompétence puisque la présence de ces bactéries exogeénes pourrait moduler la
réponse immunitaire de la moule bleue parfois affectée lorsqu’il y a présence de stresseurs
immunosuppresseurs (contaminants chimiques, etc.). Nous avons comparé les effets de ces
challenges bactériens aux effets d’une exposition & une espece bactérienne indigene aux
eaux cotieres, Vibrio splendidus, qui est reconnue comme n’ayant aucun effet sur
I’immunité de la moule bleue. Les trois challenges bactériens ont été réalisés in vivo en
utilisant des concentrations bactériennes représentatives des concentrations retrouvees dans
les environnements cotiers (de 10° a 10° bactéries mL™"). 1ls ont été menés en septembre et
décembre, afin d’avoir des conditions de température différentes et une condition
physiologique différente pour les moules. La réponse immunitaire de Mytilus edulis a été
déterminée 24 h et 48 h apres les challenges bactériens en se basant sur des parametres de
I’immunité cellulaire (abondance des hémocytes, viabilité¢ des cellules, production de NO,
et de ROS et phagocytose) et humorale (enzymes hydrolytiques). Nos résultats démontrent
qu’a des concentrations bactériennes représentatives de celles qui sont retrouvées dans
I’environnement de maniére périodique suite a un déversement d’eaux usées, les bactéries

exogenes E. coli et E faecalis n’ont pas d’effets sur I'immunocompétence de M. edulis et



ce, peu importe la période durant laquelle le challenge a eu lieu. Le fait qu’aucune variation
de ’'immunité n’ait ét€ observée 24 et 48 heures apres les infections suggere que les moules
ont €té capables de se défendre contre ces bactéries sans que cela n’affecte a long terme
leur systéme immunitaire. En conclusion, la contamination ponctuelle des eaux cétiéres par
des bactéries fécales ne représente pas une menace additionnelle pour I’ immunocompétence
de M edulis en comparaison avec d’autres stresseurs anthropiques tels que les

contaminants chimiques.
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ABSTRACT

Many bacterial species arc natural inhabitants of aquatic environments. However, in
estuarine coastal watersheds, the rapid increase of urbanization and the intensification of
anthropogenic use of the watershed could lead to the introduction of exogenous bacteria
(e.g. fecal bacteria such as Escherichia coli and Enterococcus faecalis) in coastal waters.
Filter feeding bivalves living in these coastal areas can accumulate a high number of
bacteria, including indigenous and exogenous species. Presently, most investigations
dealing with the interaction of bacteria and bivalves focus on the effects of bacterial
pathogens alone or their interactive effects with other stressors, like chemical pollutants, on
the physiology or the immune capacity of commercial species (e.g. oyster). Since Mytilus
edulis is widely used as a sentinel species in ecotoxicology, the aim of this study was to
assess the effect of its potentials exposure toward Escherichia coli and Enterococcus
faecalis on its immune defenses. For this purpose, we have compared the effect of such a
bacterial challenge with the effect of an exposure toward Vibrio splendidus which is
considered as an indigenous Mytilus edulis species of coastal estuarine waters. The three
bacterial challenges were realized in vivo, using bacterial concentrations that are
representative of the environment loads (10° to 10° cells mI™") and conducted in September
and in December. The immune response of Mytilus edulis was determined after 24 h and 48
h of post-challenge on the basis of both cellular (total haemocytes count, cell viability,
phagocytosis, production of NO and ROS) and humoral (hydrolytic enzymes) parameters.
Our results demonstrated no inhibitory nor inductive effect of the bacterial challenges on
the mussels’ immune responses, whatever the bacterial strain, its concentration and the
period of the challenge. In our experimental conditions, the presence of faecal bacteria in
coastal waters does not represent an additional threat for immune competency. Those
results permit also a better understanding of the immune reaction of M. edulis in response
to environmental stresses in experimental conditions as representative as possible of

environmental conditions.
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INTRODUCTION GENERALE

La moule bleue

La moule est présente sur toutes les zones cotieres du monde, spécialement dans les
zones intertidales. Elle est sessile et s’accroche sur des substrats durs. La moule a un mode
d’alimentation suspensivore par filtration. A 8°C, elle peut filtrer jusqu’a cinquante litres
d’eau par jour (Tremblay er al, 2004). Elle se nourrit de phytoplancton, de détritus
organiques et de bactéries. Sa s€dentarité et son mode d’alimentation par filtration font en
sorte que la moule accumule les différents contaminants et les bactéries qui sont présents
dans I’eau ou sur les particules filtrées. Ces particularités a accumuler les contaminants et
les bactéries présents dans son environnement en font un organisme sentinelle largement

utilisé lors d’études écotoxicologiques (Bayne, 1976; ROPME, 2010;Roslev et al., 2009).

Les bactéries des eaux cotiéres

Les parcs mytilicoles sont situés dans les zones cotieres, ce qui peut entrainer les
moules a étre exposées a des bactéries dont la source peut étre naturelle ou anthropique,
comme la décharge d’eaux us€es dans [’environnement par manque d’installations
d’épuration ou suite au lessivage du bassin versant lors des fortes précipitations. La
concentration bactérienne totale dans les milieux cotiers peut varier entre 10° mL™" et 10°
mL" bactéries (Jacquet ef al., 1998;Li & Dickie, 2003). Les rejets d’eaux usées dans
I’environnement marin introduisent des bactéries non indigenes au milieu marin (Garrido-
Pérez et al., 2008; Wells, 2003). Ces bactéries sont généralement associces au tube digestif
des animaux et des humains (e.g.. Escherichia coli, Salmonella spp.). Les plus fréquemment
présentes sont les entérobactéries telles qu’ Escherichia coli et les entérocoques du groupe
D, aussi appelés entérocoques fécaux, tels qu’Enterococcus faecalis. Ces bactéries sont
d’ailleurs utilisées comme indicateurs de pollution des eaux par des matieres d’origine

fécale (Roslev ef al., 2009; Poté et al., 2009).

Parmi les bactéries indigénes et exogénes présentes en zones coti¢res, certaines sont

potentiellement virulentes pour les bivalves et peuvent présenter un risque pour la santé



humaine, comme par exemple certaines souches du genre Vibrio (ASPGC-PHAC., 2011).
La plupart des bactéries du genre Vibrio sont opportunistes, c’est-a-dire qu’elles seront non
pathogenes pour un organisme jusqu’a ce que leur nombre soit suffisant pour contrer ses
défenses immunitaires ou jusqu'a ce que celles-ci soient diminuées. C’est alors qu’elles
expriment leur potentiel pathogéne. Chez les bivalves, ces bactéries sont associées a 20%
des maladies causées par des bactéries (Garay et al., 1985; Lane & Birkbeck, 2000;
Potasman et al., 2002; Pruzzo et al., 2005). Les bactéries du genre Vibrio sont des bactéries
largement répandues dans les environnements marins cotiers ol leur concentration peut
atteindre 10° mL™. Alors que le potentiel pathogéne de certaines souches de bactéries
indigénes aux environnements cotiers est bien connu, les effets des bactéries exogenes sur

la santé des moules sont moins bien documentés.
Le systéme immunitaire des bivalves

Le systéme immunitaire de la moule bleue est constitué de défenses innées,
comprenant les défenses cellulaires et humorales (Seo ef al., 2005). L’ immunité cellulaire
est assurée par les hémocytes. Chez les bivalves, les hémocytes sont constitués de deux
principaux types de cellules : les granulocytes et les hyalinocytes, identifiés selon leur
taille, leur forme et leur contenu en granules. Les granulocytes sont des cellules au
cytoplasme bien développé contenant de nombreuses granules qui ont une taille d’environ
10 pm (Le Foll et al. 2010). Les hyalinocytes sont des cellules sans granules qui sont
généralement plus petites que les granulocytes (Auffret, 1988), comme il est possible de
I’observer a la figure 1. Leur taille fait entre 7 pm et 10 pm (Le Foll ez al. 2010). Les
hyalinocytes, bien que morphologiquement hétérogenes, se divisent également en trois
catégories: les cellules «blast-like» ayant un noyau central sphérique ou ovoide entouré
d’un cytoplasme basophile contenant peu d’organelles, les hyalinocytes «macrophage-like »
contenant un cytoplasme basophile et les hyalinocytes, ayant un noyau ovoide plus gros et
de forme irréguliére entouré d’un cytoplasme contenant plusieurs organelles (Hine, 1999).
Les granulocytes sont eux aussi hétérogénes selon la présence ou non d’enzymes

lysosomales, de phenoloxydases, d’enzymes antioxydantes, de lectines et de leur capacité



phagocytaire. IIs peuvent aussi étre divisés en deux groupes, les granulocytes eosinophiles
et les granulocytes basophiles qui assureraient, en majeure partie, la phagocytose (Hine,

1999; Le Foll et al., 2010; Pipe, 1990).

Eosinophii-like cells Basophik-like cells Hyalinocyte-like calis

Figure 1. Différents types d'hémocytes chez M. edulis. Images tirées de Le Foll et al.,
(2010).

Les hémocytes sont impliqués lors du processus inflammatoire et ont un réle dans le
processus de réparation des tissus. La réponse immunitaire comprend quatre événements :
I’adhérence, 1’absorption, la destruction et I’élimination des particules étrangeres (I'eng,
1988). L adhérence et la reconnaissance du non-soi sont essentielles pour initier la réponse
immunitaire, car ¢’est I’interaction entre ces protéines et les motifs de reconnaissance de la
paroi bactérienne qui déclenche la réaction immunitaire. Cette reconnaissance est possible
grice aux PAMP (pathogen-associated molecular patterns). 1l s’agit d’un motif de
reconnaissance présent sur la surface des micro-organismes tel que les lipopolysaccharides
(LPS, dans lesquels sont contenus les lipides A qui sont & I"origine de la toxicité de
plusieurs bactéries Gram-négatives), les acides teichoiques qui sont présents seulement
chez les bactéries Gram-positives et le peptidoglycane (Beutler, 2004; Perry et al., 2004;
Wedenmaier & Peschel, 2008). Tel que le montre la figure 2, les bactéries Gram-négatives
(figure 2 a) et Gram-positives (figure 2 b) ne présentent pas la méme paroi cellulaire. La

membrane externe des bactéries Gram-positives est caractérisée par plusieurs couches de



peptidoglycanes qui représentent de 40 a 80 % de la matiére séche de la paroi et elle
contient des acides tels que les acides teichoiques. Les bactéries Gram-négatives
comportent également du peptidoglycane, mais en proportion moindre (une seule couche),
recouvert d’une membrane composée de molécules lipidiques, de polysaccharides et de

protéines. Les complexes lipides-polysaccharides sont appelés lipopolysaccharides ou LPS.
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Figure 2. Membrane cellulaire d'une bactérie a) Gram-négative et b) Gram- positive.

Schéma tiré de Perry et al. (2004)



Chez I’huitre Crassostrea gigas, plusieurs protéines de reconnaissance du non-soi ont
¢té identifiées : les lectines (Gueguen et al., 2003), les protéines de liaison au LPS qui
permettent la reconnaissance des bactéries Gram-négatives (Gonzalez et al., 2005), les
protéines de reconnaissance du peptidoglycane qui permettent la reconnaissance des
bactéries Gram-positives (Itoh & Takahashi, 2008) et les protéines de liaison au B-glucane
(Itoh &  Takahashi, 2009). Aprés le processus de reconnaissance, l’absorption, est
caractérisée par la phagocytose des débris tissulaires et des bactéries qui auraient pu
pénétrer dans les tissus des bivalves. Lors de la phagocytose, durant laquelle il y a
tormation de pseudopodes qui permettent a la cellule d’envelopper les particules étrangeres,
entrainant leur internalisation dans une vésicule appelée phagosome. La destruction de ces
particules étrangeres releve de deux procédés qui agissent simultanément ou séparément
dans la cellule: les enzymes lysosomales et la flambée oxydative. La flambée oxydative est
catalysée par |’assemblage du complexe enzymatique NADPH (nicotinamide adénine
dinucléotide phosphate) oxydase et induite par la phagocytose. L’oxygene est réduit en
métabolites bactéricides, incluant le peroxyde d’hydrogene (H,O,), les groupements
hydroxyl (OH) et les anions superoxydes (O;), ce qui crée un environnement microbicide.
Ces composés oxygénés réactifs dégradent et tuent les micro-organismes (Pipe, 1992; Perry
et al., 2004; Lichtman & Abbas, 2005). D’autres métabolites pouvant avoir une action
biocide sont ¢galement produits par |’activation de la NADPH oxydase, comme Jles NO,
soit [’oxyde nitrique (NO), les nitrites (NO,') et les nitrates (NO3), qui sont des métabolites

stables du NO générés par la flambée oxydative (Gourdon ef al., 2001).

L’autre composante du systeme immunitaire est I’immunité humorale. Les facteurs
humoraux sont les enzymes lysosomiales, les lectines et les agglutinines qui permettent une
dégradation extracellulaire des particules (Chu, 1988). Aprés la phagocytose et
I’internalisation des particules dans le phagosome, le lysosome se lie au phagosome pour
former le phagolysosome ou les différentes enzymes lysosomiales vont digérer les
particules (Seo ef al., 2005). Mais les enzymes lysosomiales sont €galement larguées dans
le plasma durant de la phagocytose, ce qui fait de I’activité de ces enzymes un indicateur de

I"activité du systeme immunitaire contre des agents pathogenes (Oubella ef al., 1994). La



présence d’agglutinines et de lectines est €galement importante pour limiter I’action des
bactéries en les agglutinant et en favorisant ainsi leur lyse et leur phagocytose. De plus,
elles servent également de récepteur aux hémocytes et de médiateur pour la phagocytose
(Chu, 1988). Les lectines font partie des protéines reconnaissantes du non-soi et se lient aux
oligosaccharides présents a la surface des micro-organismes. Une défense humorale
importante est la mélanisation des pathogenes et des tissus endommagés. Cette
mélanisation est effectuée a I’aide de la phenoloxydase, un enzyme contenant du cuivre et
présent dans I’hémolymphe sous une forme inactive: la prophenoloxydase. La
prophenoloxydase est clivée en phenoloxydase qui catalyse la synthese d’o-diphénol. La
polymérisation non-enzymatique des o-diphénols mene a la production de mélanine.
[’activité de la phenoloxydase a ét¢ démontrée chez plusieurs especes de bivalves, dont

Mytilus edulis (Hellio et al., 2007; Munoz et al., 2006; Soderhill & Cerenius, 1998).

Il 'y a aussi d’autres effecteurs de [I’immunité humorale comme les peptides
antimicrobiens (AMPs). Les AMPs sont sécrétés par les hémocytes dans I’hémolymphe et
ont un rdle multifonctionnel dans I'immunité¢ inn€e. Outre leurs propriétés
antimicrobiennes, ils interviennent également dans la stimulation de réponses de
I’immunité et peuvent exercer des effets immunomodulateurs (Nicolas, 2009). Les AMPs
présentent de larges spectres d’activité antimicrobienne vis-a-vis de bactéries a Gram-
positif et a Gram-négatif, de champignons, de protozoaires et de virus enveloppés. Leur
diversité structurale est grande. La majorité sont cationiques et sont a ’origine de trois
grandes familles : les peptides linéaires formant des hélices, les peptides riches en cystéine
avec un ou plusieurs ponts disulfure et les peptides contenant un pourcentage élevé d’un
type d’acide aminé (Andrés & Dimarcq, 2004). Le mode d’action des peptides
antimicrobiens est principalement la perméabilisation des membranes. Cette
perméabilisation entraine la libération des produits intracellulaires bactériens dans le milieu

extérieur entrainant Ja mort de la bactérie.
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Figure 3. Schéma illustrant ’immunité chez la moule bleue.



Stress et immunité

Le systéme immunitaire des moules leur permet de répondre aux infections que
peuvent causer les bactéries présentes dans leur environnement. Cependant, une exposition
a différents stress peut avoir des effets sur I’immunité des bivalves. Les stress tels que le
brassage mécanique, la réduction de la salinité et I’exposition a I’air ont comme effets de
diminuer Ia concentration d’hémocytes, ’activité phagocytaire et la flambée oxydative
ainsi que d’augmenter I’activité de [a phosphatase acide. (Blaise et al., 2002;Bussell ef al.,
2008; De Donno et al., 2008; Kuchel ef al., 2010; Oweson & Hernroth, 2009). L’état
physiologique des moules est également un paramétre qui peut influencer leur réponse
immunitaire. Les colts énergétiques qu’engendrent la gamétogénese et la ponte durant une
période ol les conditions environnementales sont stressantes (e.g. températures élevées) et
le stockage de réserves énergétiques sont des facteurs qui peuvent affecter la concentration

des hémocytes et |’activité phagocytaire (Delaporte ef al., 2000).

Les souches pathogenes des bactéries du genre Vibrio interagissent avec les
hémocytes en interférant sur plusieurs parameétres de leur systéme immunitaire, comme le
nombre d’hémocytes en circulation dans I’hémolymphe, leur propriété¢ d’adhésion et
I’activité phagocytaire, en augmentant la production de ROS et en régulant I’expression de
certains geénes reli€s a la réponse immunitaire. (Lambert e/ al., 2003; Labreuche es al.,
2006; Parisi et al., 2008). Le genre Vibrio est d’ailleurs a I’origine de divers épisodes de
mortalité chez les bivalves. Par exemple, en France, depuis 1991, des bactéries du genre
Vibrio, conjointement a d’autres facteurs environnementaux tels qu’une augmentation de la
température de ’eau et une diminution de la salinité, sont responsables d’un taux de
mortalité¢ allant jusqu’a 90% en période estivale dans les productions d’huitres creuses
Crassostrea gigas JFREMER, 2012; Lambert ef al., 2007; Munari et al., 201 1; Matozzo et
al., 2007).

Les moules sont également exposées a des bactéries indigenes non-pathogenes et de
fagon sporadique a des bactéries exogénes du milieu marin provenant du rejet des eaux

usées (Roslev ef al., 2009). Bien que différentes études mentionnées aient déja été réalisées



afin de connaitre la réaction du systéme immunitaire des bivalves face a une exposition a
des bactéries, elles ont majoritairement ét€ effectuées in vitro, pour étudier la réponse des
hémocytes exposés majoritairement avec des bactéries pathogenes ou avec des quantités
supérieures de bactéries (pathogenes ou non) que celles qui se retrouvent généralement
dans le milieu marin, soit entre 10° et 10° bactéries mL™ (Araya et al., 2010; Costa et al.,
2009; Blaise ef al., 2002;Lambert et al., 2003). De plus en plus d’études sur I’interaction
entre le systéme immunitaire des bivalves et les bactéries sont effectuées in vivo. Certaines
études ont démontré qu’une infection avec Vibrio spp. chez plusieurs espéces de bivalves
pouvait provoquer une surexpression du gene Tg-sHSP, reli¢ aux «small heat shock
proteinsy {Bao ef al., 2011), une sous-expression des genes codant pour certains peptides
antimicrobiens (Li er al., 2010 b), une diminution de la capacité phagocytaire et de
’adhérence des hémocytes ainsi qu’une augmentation de la production de ROS (Labreuche
et al., 2006). Mais encore fois, ces €tudes ont €té réalisées majoritairement avec des
bactéries pathogenes ou avec une quantité de bactéries supérieure a celles qui sont
rapportées dans les environnements cotiers. 1l 'y a donc un manque de connaissances sur les
effets de ces bactéries non-pathogénes exogenes a |’environnement marins sur la réponse
immunitaire des bivalves aux concentrations auxquelles elles sont retrouvées dans

I’environnement.
Objectifs et hypotheses

Au Québec, la production de moules est pass€e de 66 tonnes en 1996 a 540 tonnes en
2009, allant méme jusqu’a atteindre 753 tonnes en 2005 (Anonyme, 2007). Bien que des
mortalités élevées chez les moules causées par des particularités phénotypiques aient été
rapportées dans les années 90 (Tremblay er al, 1998; Myrand er al., 2000), aucune
mortalité causée par des maladies infectieuses n’a cependant €té constatée chez Mytilus
edulis sauvage ou d’élevage. Une production mytilicole plus intensive et une détérioration
de la qualité de I’eau pourraient augmenter le risque de propagation de maladies et mener a
des mortalités massives ou imposer d’autres contraintes sur ’expansion des cultures de

moules (FAO, 2011). Le contact avec des bactéries non-indigénes pourrait mobiliser le
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systéme immunitaire de la moule bleue et la rendre plus vulnérable aux conditions de stress

soumises par son environnement.

L’objectif général de ce projet a été d’évaluer la réactivité¢ de I’immunocompétence
cellulaire et humorale de la moule bleue (Mytilus edulis) face & une exposition in vivo a
différentes souches bactériennes susceptibles de se retrouver en zone cotiere & proximité
des élevages de moules. D’une part, une souche bactérienne indigene au milieu marin,
Vibrio splendidus a été utilisée. D’une autre part, les souches FEscherichia coli et
Enterococcus faecalis ont €té utilisées puisqu’elles ne sont pas pathogenes mais sont
exogénes a I’environnement des moules et se retrouvent en grande quantité dans les eaux
marines cotieres. Les infections réalisées avec E. coli et E. faecalis avaient pour but de
mieux comprendre ’effet de bactéries Gram-négatives et Gram-positives provenant de
rejets d’origine anthropique ou agricole sur le systtme immunitaire de la moule bleue, alors
que celles réalisées avec Vibrio splendidus avaient pour but d’évaluer |’effet d’une souche
indigéne sur I'immunité de la moule avec une quantité classiquement retrouvée dans le
milicu marin. Ainsi trois challenges avee 0, 102, 10° et 10* bactéries (plus un groupe non-
injecté appelé contrdle) ont successivement été réalisés avec les souches d’ Escherichia coli,
Enterococcus faecalis et Vibrio splendidus durant les mois de septembre et de décembre

afin de considérer I’état physiologique des moules en fonction de leur cycle reproducteur.

Les hypothéses sont que I’immunocompétence est modifiée par une infection
bactérienne par rapport a un témoin non infecté (H1), que I’immunocompétence varie selon
la souche bactérienne utilisée pour I’infection (H2), que I’'immunocompétence varie selon
la durée de I’infection (H3) et que I’immunocompétence varie selon la concentration de

bactéries injectées lors de I’infection (H4).
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CHAPITRE 1

EXPOSURE OF A SENTINEL SPECIES (MYTILUS EDULIS) TO FECAL
BACTERIA IN COASTAL WATERS: EFFECT ON THE IMMUNE SYSTEM

Abstract

Many bacterial species are natural inhabitants of aquatic environments. However, in
estuarine coastal watersheds, the rapid increase of urbanization and the intensification of
anthropogenic use of the watershed could lead to the introduction of exogenous bacteria
(e.g. fecal bacteria such as Escherichia coli and Fnterococcus faecalis) in coastal waters.
Filter feeding bivalves living in these coastal areas can accumulate a high number of
bacteria, including indigenous and exogenous species. Presently, most investigations
dealing with the interaction of bacteria and bivalves focus on the effects of bacterial
pathogens alone or their interactive effects with other stressors, like chemical pollutants, on
the physiology or the immune capacity of commercial species (e.g. oyster). Since Mytilus
edulis is widely used as a sentinel species in ecotoxicology, the aim of this study was to
assess the effect of its potentials exposure toward FEscherichia coli and Enterococcus
faecalis on its immune defenses. For this purpose, we have compared the effect of such a
bacterial challenge with the effect of an exposure toward Vibrio splendidus which is
considered as an indigenous Mytilus edulis species of coastal estuarine waters. The three
bacterial challenges were realized in vivo, using bacterial concentrations that are
representative of the environment loads (103 to 10° cells ml'l) and conducted in September
and in December to get distinct thermal conditions (16°C and 3°C respectively) that are
representative of fall in Québec (Canada), a period characterised by high rainfall events
allowing important bacterial runoff. The immune response of Mytilus edulis was
determined after 24 h and 48 h of post-challenge on the basis of both cellular (total
haemocytes count, cell viability, phagocytosis, production of NOy and ROS) and humoral
(hydrolytic enzymes) parameters. Our results demonstrated no inhibitory nor inductive

effect of the bacterial challenges on the mussels’ immune responses, whatever the bacterial
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strain, its concentration and the period of the challenge. In conclusion, the presence of
faecal bacteria in coastal waters does not represent an additional threat for immune

competency.
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1.1 INTRODUCTION

Blue mussel (Mytilus edulis) is a major species in shellfish farming in eastern Canada
(DFO, 2011) and is well recognised as a sentinel species in ecotoxicology. In coastal areas,
mussels can be exposed to various abiotic factors that may act as physiological stressors or
immunomodulators, leading exceptionally to large mass mortality events in cultivating
areas (FAO, 2011). Temperature (Munari ef al. 2011), salinity, mechanical stress (Bussell
et al. 2008, Kuchel ef al. 2010) and contaminants (Gagnaire ef al., 2007; Wootton et al.,
2003) are typically abiotic factors that can induce changes in the abundance or in the
specific functions of immune cells (Bussell ef al., 2008; Hannam et al., 2010; Kuchel et al_,

2010; Munari et al., 2011; Park et al., 2009; Gagnaire et al., 2007; Paul-Pont ef al., 2010).

Bivalves are also subjected to constant microbial threats in the natural environment
which may represent additional stressors. Their total concentration can reach 10° to 10° per
mL in water of coastal areas (Jacquet er al., 1998; Li & Dickie, 2003; DFO, 2011) and
increase by 100 fold in bivalves flesh (Wright et al., 1996) as a result of the filtration
activity of the latter. Among these bacteria, some are indigenous species of the marine
environment (e.g. Vibrio spp.) but some others like fecal bacteria indicators are exogenous
species originating [rom anthropized watersheds or direct sewage discharges. Vibrio spp.
are widespread indigenous strains and their concentration can reach 10° bacteria per mL.
They can be pathogenic or not, or opportunistic for bivalves but they are reported as the
causing agent in 20% of shellfish bacterial diseases (Garay et al., 1985; Lane & Birkbeck,
2000; Potasman et al., 2002; Pruzzo et al., 2005). Escherichia coli and Enterococcus
faecalis are also common species of coastal areas but reported as exogenous and related to
fecal contamination. The life span of these exogenous bacteria is relatively short in the
marine environment, around 24 hours for £ coli (Roslev et al., 2009; Hurst ef al., 2002).
However, their bioconcentration was reported in the flesh of mussels after only one hour of
in vivo exposure (Marino et al., 2005). They may also represent a real threat for bivalve

health in targeting their immune system. Akaishi e al., (2007) reported that blue mussel



14

exposed in vivo to municipal wastewater lost their ability to resist to pathogens. An in vivo
challenge of Plactinopecten vessoensis to E. coli and E. faecalis led to a modulation of the
activity of several enzymes from the hemolymph and the haemocytes of the scallop (Li ef

al., 2010 a).

The immune system of bivalves comprises cellular and humoral defences. Immune
cells called haemocytes and granulocyte are recognized as the main cellular effectors.
During an infection, haemocytes react to the inflammation by a panel of activities such as
phagocytosis and production of reactive oxygen species (ROS) or nitrogen oxides (NOy) to
engulf and neutralized infectious agents respectively. In addition to these cellular defences,
the humoral defences located in the plasma include several lysosomal enzymes and several
proteins like agglutinins, lectins and antimicrobial peptides. The humoral factors have a
role of defence and recognition the foreign (non-self) micro-organisms. For example,
agglutinins and lectins attach the haemocytes to non-self particles as a cell surface
recognition factor (Chu, 1988). This system is typically able to recognize microorganisms
by a common structure present on the membranes of the latter. Those structures, known as
pathogen-associated molecular patterns (PAMPs), are receptors as lipoteichoic acid (LTA)
in Gram-positive bacteria and lipopolysaccharide (LPS) in Gram-negative bacteria (Beutler,

2004; Feng, 1988; Perry et al., 2004; Pipe, 1992; Wedenmaier & Peschel, 2008).

During bacterial infections, studies demonstrated an increase of the mortality of
bivalves, an increase of the number of haemocytes and a decrease of their adherence (Costa
et al., 2009; Labreuche et al., 2006). In addition, some in vitro studies with haemocytes
have demonstrated that some bacterial infection (Vibro spp., Micrococcus lysodeikticus)
can lead to a decrease of the phagocytic activity and an increase of the production of
reactive oxygen species (ROS) and nitrogen species (NOy) (Lambert et al., 2003; Costa et
al., 2009). However, the major drawback of these studies cited above using in vivo
challenges is that bacterial concentrations used are very high (around 10’ bacteria and
more) and do not represent the actual bacterial concentrations to which bivalves are

exposed naturally. It is important to learn more about the effects of these bacteria, at
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environmentally representative concentrations and at different temperatures representative
of seasonal variations of water temperature, on the immune system of the blue mussel to
determine if the contact with exogenous bacteria can make mussels more vulnerable to

pathogens through an alteration of their the immune system.

High rainfall events that generally occurred at fall in East Canada. In the bay of
Gaspé (Quebec), it leads periodically to the closure of mussel cultivation areas because of
the contamination of the water (Girard ef al., 2008). Then the objective of this project was
to document the immune response of Mytilus edulis toward in vivo infections with two
bacterial fecal indicators, E. coli and E. faecalis were especially selected to assess the effect
of a Gram-negative and a Gram-positive bacteria respectively, on the reactivity of the
immune system of the mussel in response to the challenge. These two infections were
compared to an in vivo infection with an indigenous V. splendidus strain, known to generate
no immune response in M.edulis during in vitro exposition (Tanguy ef al., 2011). The
exposure times to bacteria were 24 h and 48 h. Both durations were chosen in accordance to
the life span of E.coli and E.faecalis in the field and in order to gather relevant information
about potential “chronic and immunosuppressive effects” of such bacterial challenge in
addition to multiple abiotic stressors mussels will also have to face with. In addition, an
unchallenged group of mussels was use to assess the effect of the injection since muscle
tissues may have been injured by the infection during the challenge and an inflammatory
response may have been inducing to repair damaged tissue, remove the broken cells (by
phagocytosis) and to control the microorganisms that have may entered by the wound. The
injection may enhance an increase of the number of haemocytes in the muscle and induce
their phagocytic activity (Coles & Pipes, 1994; Feng, 1988; Perry et al., 2004). That is why
we firstly to make sure that immune parameters of non-injected mussels were different than

unchallenged mussels (infected with sea water).

The experiments were done in September and in December 2010 to compare the
immune response of mussels during two contrasted period of thermal conditions during the

fall as well as different physiological status of mussels.
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Hence this study allowed us to investigate the potential impact of exogenous bacteria
on the immune response of Mytilus edulis, by testing these following hypotheses:
immunocompetency is changed by a bacterial infection from an uninfected control (H1),
immunocompetency varies depending on the bacterial strain used for infection (H2),
immunocompetency varies depending on the duration of infection (H3) and
immunocompetency varies depending on the concentration of bacteria injected during the

infection (H4).

1.1.2 MATERIAL AND METHODS

1.2.1 Mussels

Collection and acclimation of mussels was done in September and in December 2010.
Two-year old animals (mean length = 67 = 4 mm) were collected on a commercial shellfish
farm from Magdalen Islands (Québec, Canada). The gonado somatic index was 12+ 4 % in
September and 22 + 5 % in December. Upon their arrival at the laboratory, mussels were
maintained for 10 days in closed circuit filtrated seawater tanks with aeration. Temperature
in the tanks was 10°C. Every two days, half the water was changed, dissolved oxygen
concentration and temperature were monitored, and mussels were fed with an algal
concentrate composed of Isochrysis galbana, Paviova lutheriei and Nannochloropsis sp.
(30000 cells. mL™"). After 10 days of acclimation, a small notch was carved in the dorsal
side of the shell for further in vivo bacterial challenges. Then, the mussels were maintained

in acclimation for three additional days prior to bacterial challenges.

1.2.2 Bacterial strains

All bacterial strains were grown in Tryptic Soy Broth (TSB) at room temperature for

Vibrio splendidus (V.splendidus TSHRW, GRAM-) and at 37°C for Escherichia coli
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(E.coli, GRAM-, ATCC 25922) and Enterococcus faecalis (E.faecalis 2724, GRAM+) for
a 24 h period. The growth curve of each strain was realised by measuring the optical
density at 600 nm (ODggo) every 2 h in parallel with enumeration of total cells by flow
cytometry, according to the protocol proposed by Lebaron et al. (2002). The following
equations represent the relation between ODggo and their corresponding cell number for

each strain:

E. coli: Number of bacterial cells = 6.10% x ODgoo— 7107 oo (D
E. faecalis: Number of bacterial cells = 35 x ODgoy — 657%........... (2)
V. splendidus: Number of bacterial cells = 45 x ODggo+ 25 %...... 3)

1.2.3 Bacterial Challenges

Three groups of 15 mussels were inoculated within their adductor muscle with 100 ul
of a sterile seawater solution inoculated with 0 (unchallenged), 10°, 10* or 10" living
bacterial cells. All solutions were plated on Tryptic Soy Agar (TSA) to test the viability of
the cells inoculated. The inoculated mussels were maintained out of the water for 30
minutes after the injection to promote bacteria diffusion in their tissues. To test the effect of
injection on immune parameters, an additional group of 15 mussels (non-injected) without
any treatment was subjected to the same handling conditions including the 30 minutes of
emersion mentioned above. For each assay, the five groups were triplicated in individual
aerated tanks filled with 0.2 um filtrated seawater and maintained for a total period of 48
hours at 15 °C in September and at 10°C in December. Due to technical constraints, the
three challenges realized in September and December could not be performed
simultaneously on the same mussel batch, nevertheless all treatments (non-injected,

unchallenged and challenged) were applied for each bacterial strain tested.
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1.2.4 Collection of hemolymph

Hemolymph was collected within the adductor muscle 24 h and 48 h after injection
using a disposable syringe equipped with a 23g needle. For each group, the hemolymph of
5 individuals from the same tank was pooled. Hemolymph was filtered through an 80 pm

filter before analysis to avoid clogging of cytometer by aggregates.

1.2.5 Cellular immune parameters analyses by flow cytometry

All cellular immune parameters of the hemocyte population were determined with a
FACScan flow cytometer (Becton Dickinson). To discriminate hemocytes from debris
during the cellular analyses, hemocytes were labeled with SYBR® Green | (final
concentration: 10 X, Invitrogen) in the dark for 10 minutes. The labeled hemocytes were
discriminated from background on a FL.1 (530 nm) versus Forward scatter height (FSC-H,
related to cell size) cytogram due to their high fluorescence intensity relative to their high
nucleic acid content. This hemocyte population was then gated on a FSC-H versus Side
Scatter height (SSC-H, related to cell complexity) cytogram and the settings (FSC Linear
E-00; SSC 227 Log) were saved for further analyses on 10000 events.

Viability
Hemocyte viability was determined using the propidium iodide dye (Sigma P4170;
final concentration 10 pg.mL™") as reported in Duchemin er al. (2008).

Abundance of hemocytes

Hemocytes counting protocol was adapted from Duchemin et al. (2008). Results are

expressed as the abundance of hemocytes per mL of hemolymph.

ROS production

In September, hemocytes were incubated in a 1 pM final concentration DCF-DA dye
solution (5 (6) carboxy-2’7’-dichlorofluorescin-diacetate from Sigma #21884) during 10

minutes in the dark at room temperature. After incubation, the cell fluorescence was
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quantified on the FL1 detector. In December, hemocytes were incubated in a 10 uM final
concentration dye solution (5 (6) carboxy-2’7’-dichlorodihydrofluorescin-diacetate from
Invitrogen #C-400) during 2 hours in the dark at room temperature. The cell fluorescence
was also quantified on the FLI detector. Results were expressed as the mean fluorescence

in arbitrary unit (a.u.) detected in cells.

Phagocytic capacity

Phagocytic capacity of hemocytes was determined according to Duchemin et al.
(2008). Fluoresbrite YG latex beads of 1.716 um diameter (Analychem Corp. #17687) were
added to 200 ul of hemolymph with a ratio of 30 beads per hemocyte into a 96-well
microplate. The microplate was gently centrifuged 5 min at 300 g and incubated in the dark
at room temperature for 4 h. Then, hemocytes were resuspended in 200 ul of an
anticoagulant solution (Auffret es al., 2006) and analyzed on the FLI detector. The
recorded cell fluorescence is proportional to the amount of fluorescent beads that are
engulfed and/or sticked on cells. Therefore, to assess the percentage of hemocytes with
adhered beads, 3% sodium azide (phagocytic activity inhibitor) was added during the assay
for three additional samples. The phagocytic capacity, also called phagocytic index, was
determined, on the basis of the FLI-fluorescence, as the percentage of hemocytes having
engulfed three beads and more corrected by the percentage of hemocytes with three and

more adhesive beads.

Nitrogen oxides (NO,) production

Hemocytes were incubated in a 10 uM final concentration DAF-FM dye solution (4-
amino-5-methylamino-2', 7' Difluofluorescein diacetate from Invitrogen #D23844) during
10 minutes in the dark at room temperature. Cellular fluorescence was quantified using the
FL1 detector. NO, production was expressed as the mean fluorescence in arbitrary unit

(a.u.) detected in cells.



20

1.2.6 Humoral immune parameters

Hemolymph was centrifuged at 1800 g 10 minutes at 4°C. The supernatant (plasma)

was collected and stored at - 80°C until further analyses.

Protein determination

The protein concentration of plasma was determined using the method of Bradford
(1976). Bovine serum albumin was used as standard and absorbance was measured at 595

nm.

Prophenoloxidase activity-like (proPQO)

The method was adapted from Asokan et al. (1997). Briefly, sodium dodecyl sulfate
(SDS) I mg.mL™" final concentration was added to the plasma in a 96-well microplate as an
enzymatic activator. Samples were incubated for 30 min at 37°C under agitation. After
incubation, L-DOPA (3, 4-dihydroxy-L-phenylalanine, 3 mg.mL'I final concentration) was
added as substrate. The absorbance was measured at 492 nm each minute during 15 min
with a SpectraMax 190 spectrophotometer (Molecular devices). One activity unit was
defined as an increase of the absorbance of 0.001 per minute and the activity of the

. . . .
prophenoloxidase enzyme was normalized as unit.mg protein™ .

Acid phosphatase activity (AP)
The method was modified from Andersch and Szcypinski (1947) and Cheng (1992).

The 4-nitrophenylphosphate (pNPP) was used as substrate and incubated (12 mM final
concentration) with the plasma for 60 min at 37°C under agitation. The reaction product, p-
nitrophenol, was measured at 405 nm. The AP activity was expressed as nmol of

nitrophenol.mg protein™.

L-leucine-aminopeptidase activity (LAP)

According to Travers et al. (2008), the substrate used for the reaction was the L-
leucine-p-nitroanilide and was added to plasma (10 mM final concentration in Tris buffer,

pH 8). The LAP activity was measured each minute at 405 nm during 30 minutes and
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calculated using a standard curve ranging from 0 to 100 mU. mL"'. The concentration of

LAP was expressed as mU.mg protein'].

1.2.7 Statistical analyses

Significant differences between non-injected, unchallenged and injected were tested
by four-ways analysis of variance (ANOVA) using JMP 7.0. Tuckey’s HSD followed to
identify differences between groups. The Scheirer-Rey-Hare test was used in case of the
variances was heterogenic or not normal. For all tests, the dependant variables were the
immunological parameters (NOy production, phagocytic capacity, viability, abundance of
hémocytes, proteins concentration, LAP activity, AP activity and proPO activity) and the
factors were the sampling time, the month, the bacterial strain and the treatment (bacterial
concentration). The Significant differences between non-injected, unchallenged and
injected of the dependant variable «<ROS production» were tested by three-ways analysis of
variance (ANOVA) in September and in December and followed by Tuckey’s HSD.

Results were deemed significant at P < 0,05.

1.3 RESULTS
1.3.1 Non-injected group vs unchallenged group

No significant differences have been observed between the non-injected group and
the unchallenged group (Table 1). The treatments had no effects on the viability and the
abundance of haemocytes. The mean viability is always higher than 87 % for all groups
during both trials. The values of the abundance of haemocytes per mL after 24 h ranged
from 2.74 x 10° to 4.73 x 10° haemocytes per mL for the non-injected group and from 2.13
x 10°t02.91 x 10° haemocytes per mL for the unchallenged group in September (Table 4)

and from 2.85 x 10° per mL to 8.19 x 10° per mL for the unchallenged group and from 2.73
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x 10° haemocytes per mL to 3.82 x 10° haemocytes per mL for the non-injected group in
December (Table 5). After 48 h, it range from 1.31 x 10° to 3.09 x 10° haemocytes per mL
for the non-injected group and from 2.88 x 10° to 5.32 x 10° haemocytes per mL for the
unchallenged group in September (Table 6) and from 2.40 x 10° to 4.50 x 10> haemocytes
per mL for the non-injected group and from 4.40 x 10° to 5.44 x 10° haemocytes per mL for

the unchallenged group in December (Table 7).

No effect of the treatments on all tested cellular parameters has been observed (Table
| and 2). The Tuckey’s HSD showed that the significant differences observed (P < 0,05) are
between different groups of mussels and cannot be considered as effects of infections (data
not shown). The mean values of the phagocytic capacity after 24 h for the non-injected
group ranged from 11% to 35 % in September and from 19% to 42% in December while
after 48 h, they ranged from 23% to 39% in September and from 56% to 57% in December.
For the unchallenged group, values ranged from 20% to 40 % in September (Table 4) and
from 36% to 44% in December after 24 h (Table 5) and from 33% to 44% in September
(Table 6) and from 61% to 77% in December after 48 h (Table 7). Results for ROS and
NOy production are presented in Table 4 to 7. In September, the mean ROS production
(values in arbitrary units) after 24 h for the non-injected group ranged from 770 a.u. to
1316 a.u. and the values for the unchallenged group ranged from 847 a.u. to 1334 a.u. After
48 h, they ranged from 1031 a.u. to 1303 a.u. for the non-injected group and from 1012 a.u.
to 1572 a.u. for the unchallenged group. In December, the mean values of the ROS
production were 587 a.u. and 540 a.u. after 24 h and 430 a.u. and 791 a.u. after 48 h for the
non-injected group and were 483 a.u. and 612 a.u. after 24 h and 325 a.u. and 566 a.u. after
48 h for the unchallenged group. For the NOy production after 24 h in September, the
values of the non-injected group range from 133 a.u. to 146 a.u. and from 130 a.u. to 163
a.u. for the unchallenged group and in December, the values ranged from 120 a.u. to 162
a.u. for the non-injected group and from 113 a.u. to 138 a.u. for the unchallenged group.
After 48 h, the NOy production values in September range from [30 a.u. to 155 a.u. for the
non-injected group and from 110 a.u. to 145 a.u. for the unchallenged group and in

December, it range from 114 a.u. to 127 a.u. for the non-injected group and from 111 a.u.
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to 130 a.u. for the unchallenged group. Whatever the sampling time or the month, no
significant differences had been observed between the non-injected and the unchallenged
groups and this, for all tested humoral parameters (Table 3). As for cellular parameters, the
Tuckey’s HSD showed that the significant differences observed (P < 0,05) are between
different groups of mussels and cannot be considered as effects of infections (data not
shown). Results for the humoral parameters after 24 h are presented in Tables 8 and 9 after
48 h in Tables 10 and 11. After 24 h, a strong variability had been observed in September
and in December for the acid phosphatase activity (AP) ranging from 8 to 128 nmol.mg’'
proteins for the non-injected group and from 10 to 90 nmol.mg™ proteins for the
unchallenged group. After 48 h, AP of the non-injected group range from 46 to 67
nmol.mg’” proteins in September and from § to 78 nmol.mg”™ proteins in December. For the
unchallenged group AP ranges from 39 to 88 nmol.mg™' proteins in September and from 21
to 69 nmol.mg™' protein in December. The prophenoloxydase-like activity after 24 h ranged
from 5 to 16 U.mg' proteins for the unchallenged group and from 4 to 17 U.mg” proteins
for the challenged group. After 48 h, ProPO-like ranged from 3 to 17 U.mg"' for the non-
injected group and from 4 to 18 U.mg™' for the unchallenged group. The L-leucine-
aminopeptidase activity, ranged from 25 to 131 mU.mg"" proteins for the unchallenged
group and from 14 to 139 mUmg" proteins for the non-injected group after 24 h. After 48
h, LAP ranged from 14 to 59 mUmg' proteins for the non-injected group and from 13 to

51 mUmg"' proteins for the unchallenged group.

1.3.2 Challenged vs unchallenged groups

Viability and abundance of haemocytes

No significant differences were observed between the challenged and the
unchallenged groups (Table 1). The results showed that the treatment had no effects on the
viability of the haemocytes. The percentage of viable haemocytes was never less than 85 %

24 h after the challenge for both trials as reported in Tables 4 and 5 and 48 h after the
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challenge as reported in Table 6 and 7, respectively for September and December.
However, after 24 h the abundance of haemocytes presented a high variability between
replicates in each group, ranging from 2.13 x 10° to 8.19 x 10° cells.mL"'. None dose
response was demonstrated, neither in September nor in December, 24 h and 48 h after the
challenge. 48 h after the challenge, the values range from 1.95 x 10° to 3.90 x 10° cells.
mL" in September and from 2.25 x 10° to 5.89 X 10° cells.ml™" in December between the

unchallenged and the infected groups, regardless of the dose and the period of the trial.
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Table 1: Four ways ANOVAs of the effect of time (24 h and 48 h), treatment (non-injected,
unchallenged, 10% 10° and 10* cfu injected), month (September and December) and the strain (V.

splendidus, E. coli and E. faecalis) and their interaction on cellular immune parameters

Phagocytic capacity

NO, production

df SS F P df SS F P
month 1 2151,9 15,6 0,0001* 1 5028,6 10,2 0,0018%*
strain 2 5377,8 19,5 <,0001* 2 5328.,9 5,4 0,0057*
time ] 2773,4 20,2 <,0001% 1 1032,7 2,1 0,1505
treatment 4 2433,8 4.4 0,0023* 4 991,3 0,5 0,734
month*strain 2 42594 15,5 <,0001* 2 15684 1,6 0,2082
month*time 1 1883, 1 13,7 0,0003* 1 0,3 0,0006  0,9806
strain*time 2 3153.6 11,5 <,0001% 2 63582 6,4 0,0022*
month*strain*time 2 2457,1 8,9 0,0002% 2 51983 5.3 0,0064*
month* treatment 4 179,2 0,3 0,8602 4 2325,7 |,2 0,3237
strain® treatment 8 1661,1 1,5 0,1606 8 3053,8 0,8 0,6265
month*strain® treatment 8 482, 1 0,4 0,8959 8 2375,6 0,6 0,7747
time* treatment 4 104,4 0,2 0,9433 4 33732 [,7 0,1523
month*time* treatment 4 110,6 0,2 0,9373 4 3055,9 1,5 0,1925
strain*time* treatment 8 836,8 0,7 0,6379 8 5096,8 1,3 0,2543
month*strain*time* 8 592,8 0,5 0,8252 8 5301,9 1,3 0,2287
treatiment
Residual 120 16499,8 120 59195,1

Viability Abundance

df SS F P df SS I P
Month | 0.5 [,1 0,2888 1 0,5 1,1 0,2888
Strain 2 6,6 7.8 0,0000%* 2 6,6 7.8 0,0006*
Time | 0,001 0,002 0,9661 | 0,001 0,002 0,966 1
treatment 4 43 2,5 0,0428* 4 4,3 2,5 0,0428%*
month*strain 2 4.4 5,2 0,0064* 2 4.4 5.3 0,0064%
mounth*time I 0,4 1,01 0,317 l 0,4 1,01 0,317
strain*time 2 2,5 3 0,0547 2 2,5 3 0,0547
month*strain*time 2 0,4 0,5 0,5853 2 0,4 0,5 0,5853
month™ treatment 4 2,7 1,6 0,1708 4 2,7 1,6 0,1708
strain® treatment 8 2,1 0,6 0,7562 8 2,1 0,6 0,7562
month*strain®* treatment 8 6,0 1,9 0,0561 8 6,6 2 0,0561
time™* treatment 4 2,9 1,7 0,153 4 2,9 1,7 0,153
month*time* treatment 4 0.2 0,1 0,9828 4 0,2 0,1 0,9828
strain*time¥ treatment 8 2,5 0,7 0,6547 8 2,5 0,7 0,6547
month*strain®*time* 8 3.5 1,04 0,4001 8 3,5 1,04 0,4061
treatment
Residual 120 50,5 120 50,5
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Table 2: Three ways ANOVAs of the effect of time (24 h and 48 h), treatement (non-injected,
unchallenged, 10% 10° and 10° cfu injected) and the strain (V. splendidus, E. coli and E. faecalis)
and their interaction on the ROS production in September and December

ROS production in September ROS production in December

df SS F P df SS F P
Strain 2 519834,7 5,6 0,0059* 1 165790 4,6 0,0373*
Time | 249375,2 5,4 0,0240* 1 184956 5,2 0,0284*
strain * time 2 174364,3 1,9 0,1622 1 32362,6 0,9 0,3470
treatment 4 416435 2,2 0,0754 4 468594,8 3,3 0,0205*
strain * treatment 8 1193489,7 3,2 0,0042% 4 681274 0,5 0,7527
time * treatment 4 14916,8 0,1 0,9881 4 279269,2 1,9 0,1204
strain * time * treatment 8 87898, 1 0,2 0,9824 4 123581,8 0,9 0,4936

Residual 60 2789628.,9 40 1429720
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Table 3: Scheirer-Ray-Hare test and Four ways ANOVAs of the effect time (24 h and 48 h), treatment
(non-injected, unchallenged, 10%, 10° and 10* cfu injected), month (September and December) and the
strain (V. splendidus, E. coli and E. faecalis) and their interaction on humoral immune parameters

Proteins L-leucine-aminopeptidase
df SS F P SS F P
month 1 45,9 159,7 <,0001* 10,8 22,423  <,0001*
strain 2 4,1 7,1 0,0012* 7,1 7,3758 0,0010%
month*strain 2 0,5 0,9 0,3914 1,9 1,965  0,1446
time 1 0,8 2,7 0,1042 4,2 §,8479  0,0035*
month*time | 0,9 3,4 0,0691 1,9 3,9197 0,05
strain*time 2 6,3 10,9 <,0001* 8,5 8,8495 0,0003*
month*strain*time 2 1,2 2,1 0,1294 43 4,5052  0,0130%
treatment 4 1,8 1,6 0,1856 0,9 0,4641 0,762
month* treatment 4 1,6 1,4 0,2442 1,7 0,9003  0,4662
strain* treatment 8 0,8 0,3 0,94 3,8 0,9772  0,4572
month*strain* treatment 8 1,9 0,9 0,5496 1,4 0,3654 00,9369
time* treatment 4 2,4 2,1 0,0854 " 2,7 1,3934  0,2403
month*time* treatment 4 0,6 0,5 0,7238 1,9 0,994 0,4136
strain*time* treatment 8 0,8 0,3 0,9519 49 1,2765 00,2621
month*strain*time™® treatment 8 3,03 1,3 0,2424 6,5 1,697  0,1059
Residual 120 34,5 57,8
Acid phosphatase ProPhenoloxydase
df SS F p Scheirer-Ray-Hare

month 1 0,1 6,01 0,0158* Non-Significatif
strain 2 0,5 24,5 <,0001°* Non-Significatif
month¥*strain 2 0,3 14,7 <,0001* Non-Significatif
time 1 0,3 29,8 <,0001* Non-Significatif
month*time 1 0,2 20,8 <,0001%* Non-Significatif
strain*time 2 0,6 30,4 <,0001% Non-Significatif
month*strain*time 2 0,3 14,8 <,0001* Non-Significatif
treatment 4 0,2 6,4 0,0001* Non-Significatif
month* treatment 4 0,01 0,2 0,9097 Non-Significatif
strain® treatment 8 0,3 34 0,0014* Non-Significatif
month*strain® treatment 8 0,2 2.5 0,0158* Non-Significatif
time* treatment 4 0,1 1,5 0,2007 Non-Significatif
month*time* treatment 4 0,1 2,7 0,0319* Non-Significatif
strain*time* treatment 8 0,1 1,1 0,3915 Non-Significatif
month*strain*time* treatment 8 0,2 2,5 0,0152% Non-Significatif
Residual 120 I,1




Table 4: Parameters of cellular immunity: viability of haemocytes, abundance of haemocytes,
phagocytic capacity, ROS production and NO, production 24 hours after the bacterial challenge (cfu
injected) performed in September with Vibrio splendidus, Enterococcus faecalis and Escherichia coli.
Values are mean = SD (N=3).

Non-injected Unchallenged 102 10° 10°
Vibrio splendidus
Viability (%) 93+ 1 93+ 92+ 1 933 931
Abundance (10° haemocytes per mL) 3,161,001 2,67+1,21 288+1,03 281+1,02 277+0,7
Phagocytic capacity (%) 309 28 £5 27 £21 28 £9 39 +7
ROS production (relative fluorescence) 912+ 135 847+205  863+246 938=165 1166=302
NOx production (relative fluorescence) 146 £ 7 163 £ 15 163+ 10 135+ 34 136 £ 16
Enterococcus faecalis
Viability (%) 96 x1 93+2 94+ 1 96 + 1 931
Abundance (10° haemocytes per mL) 4,73 +2,14 2,13+0,5 3,32+245 334409 3,13+0,06
Phagocytic capacity (%) 11+14 2012 24 £ 11 17+£3 20+ 13
ROS production (relative fluorescence) 770+ 179 1334 +319 1266+ 186 1021 +168 1129=+150
NO, production (relative fluorescence) 135£39 159+29 150 + 35 11343 13027
Escherichia coli
Viability (%) 95+0,8 97 +£0,7 9509 96 +£0,5 95+ 1,7
Abundance (10° haemocytes per mL) 2,74+ 0,4 2,91+£0,9 242+£0,6 340+02 3,08+0,9
Phagocytic capacity (%) 357 40£5 27+ 16 32412 36+6
ROS production (relative fluorescence) 1316 + 232 1151+ 136 1069+ 130 989+ 90 1176+ 214

NO, production (relative fluorescence) 133+14 130 %12 136 £5 120 + 33 118+ 17

8¢



Table 5. Parameters of cellular immunity: viability of haemocytes, abundance of
haemocytes, phagocytic capacity, ROS production and NOy production 24 hours after the
bacterial challenge (cfu injected) performed in December with Vibrio splendidus,
Enterococcus faecalis and Escherichia coli. Values are mean + SD (N=3).

Non-injected Unchallenged 107 10° 10°
Vibrio splendidus
Viability (%) 90 %3 87+ 11 90+7 91+l 87+5
Abundance (lO5 haemocytes per mL) 3,82 £ 1 8,195 6,282 4312 496+£2
Phagocytic capacity (%)  19+12 36£8 34 %15 33x6 38+5
ROS production (relative fluorescence) 587 +27 483 +£204 689366 681 +163 778 +£274
NO, production (relative fluorescence) 126 +30 125 £15 133£21 155+£32 144+ 15
Enterococcus faecalis
Viability (%) 93+ 95+2 93+0,9 95 + 1 94 +3
Abundance (10° haemocytes per mL) 2,73 £2 2,85+0,6 438+£09 2,71+£0,8 4,57+04
Phagocytic capacity (%) 22+ 15 38+ 8 35+9 3219 41 %6
ROS production (relative fluorescence) - - - - -
NO, production (relative fluorescence) 162 +37 138 £ 31 143+0,8 12818 127+10
Escherichia coli
Viability (%) 88 +2 91+5 87+3 90 + 5 91 +4
Abundance (105 haemocytes permL) 2,74 £ 1 3,062 2,97+0,8 2,48+0,5 2,79+ 04
Phagocytic capacity (%) 42+ 8 44 £ 11 38+3 45+ 8 3745
ROS production (relative fluorescence) 540 +231 612 +31 801+ 176 833+ 156 727 +280
NO, production (relative fluorescence) 120+ 16 113 £3 98 + 17 116 +9 80+ 18

Y4



Table 6. Parameters of cellular immunity: viability of haemocytes, abundance of
haemocytes, phagocytic capacity, ROS production and NOy production 48 hours after
the bacterial challenge (cfu injected) performed in September with Vibrio splendidus,
Enterococcus faecalis and Escherichia coli. Values are mean + SD (N=3).

Non-injected Unchallenged 102 10° 10°
Vibrio splendidus
Viability (%) 92+ 0,6 94 + 1 92+2 912 88+ 1
Abundance (1 0° haemocytes per mL) 3,09+£0,5 532+34 195+1,8 348+79 3901
Phagocytic capacity (%) 23+ 11 3311 349 35+14 41+ 10
ROS production (relative fluorescence) 1031 £276 1012+ 131 1146 £99 1015+ 302 1227+ 73
NOx production (relative fluorescence) 155 & 33 110+ 17 130£21 14021 159+£15
Enterococcus faecalis
Viability (%) 92+0,3 89x4 92+4 89«3 92+3
Abundance (10° haemocytes per mL) 1,31+ 1,1 3,03+0,5 3,06+06 3,54+£0,2 341+49
Phagocytic capacity (%) 26 £24 41 £20 50+£4 39+ 16 35+ 10
ROS production (relative fluorescence) 1074 £250 1572+ 505 1318 £58 1166 £3711345+ 196
NOx production (relative fluorescence) 132+ 11 145 £ 11 141 £12 141+29 12114
Escherichia coli
Viability (%) 95+ 1 96 + 1 95+ 1 95+0,4 94+2
Abundance (10° per mL) 3,08=0,9 2,88+1,2 273+0,1 2,59+0,6 3,16 +0,+5
Phagocytic capacity (%) 39+£6 44 + 4 3015 36+11 40+ 6
ROS production (relative fluorescence) 1303 +221 141 £ 135 1044 £124 970+ 84 1166+ 103
NOx production (relative fluorescence) 130 =15 127+ 12 132+4  117+£33 114+17

0¢



Table 7. Parameters of celfular immunity: viability ol haemocytes, abundance of
haemocytes, phagocytic capacity, ROS production and NOy production 48 hours after
the bacterial challenge (cfu injected) performed in December with Vibrio splendidus,
Enterococcus faecalis and Escherichia coli. Values are mean + SD (N=3).

Non-injected Unchallenged

10°2 10° 10

Vibrio splendidus

Viability (%) 94 +0,9 94 £ 1,2 94+ 1,1 91+41 85+67
Abundance (10° haemocytes per mL) 4,50 +£3,13  5,06+0,7 3,683x0,4547+1,264,47+3,4
Phagocytic capacity (%) 56+ 15 76+3 63li 13 75+18  70+21
ROS production (relative fluorescence) 430 =93 325+62 37023 551117 756+129
NOx production (relative fluorescence) 114+ 18 115£5 105£23 116+12 [18+13
Enterococcus faecalis

Viability (%) 90 £ 4 93+4 93+2 8710 92+3
Abundance (105 haemocytes per mL) 3,64 £ 1,03 440+£0,5 589+582,48+06 4,16+24
Phagocytic capacity (%) 56,99 61,4+16 69,9+38 60,6 7 59,4+5
ROS production (relative fluorescence) - - - - -
NOx production (relative fluorescence) 116 +27 111 +24 129+30 13111 121+10
Escherichia coli

Viability (%) 91 +3 93 +2 95+ 4 923 883
Abundance (105 haemocytes per mL) 2,40+ 1,3 5,44, £0,6 4,938 2254+0,7 4,1 £0,8
Phagocytic capacity (%) 57+ 14 73+ 11 61 +22 60+20 80 +2
ROS production (relative fluorescence) 791 = 284 566176 486=x127 556+ 87 790 +260
NOx production (relative fluorescence) 127 +£12 130£29 127+17 1188 160+65
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Table 8.  Parameters of humoral immunity: L-leucine-aminopeptidase,
proPhenoloxydase-like, acid phosphatase and total proteins 24 hours after the bacterial
challenge (cfu injected) performed in September with Vibrio splendidus, Enterococcus
faecalis and Eschericha coli. Values are means + SD (N=3).

Non-injected Unchallenged 10°? 10° 10°
Vibrio splendidus
L-leucine-aminopeptidase (mU mg protein™) 62+ 30 97+30 156165 49+2] 82%9
ProPhenoloxydase-like (U mg protein™) S£5 7x1 9«1 12+ 1 11+£5
Acid Phosphatase (nmol mg protein™) 88+ 94 58+ 23 133+17 88+30 80%+40
Proteins (mg ml'l) 120,48 0,5+0,17 0,6+0,070,7+0,290,5+0,18
Enterococcus faecalis
L-leucine-aminopeptidase (mU mg protein™) 139+ 29 37+ 9 72+48 90+48 54+10
ProPhenoloxydase-like (U mg protein™) 10+2 6 7x1 6+2 4
Acid Phosphatase (nmol mg protein™) 128 £ 37 77+32 108 +46 76+18 6923
Proteins (mg ml™) 1+£0,5 0,5£0,1 0,7+03 1£03 1+0,2
Escherichia coli
L-leucine-aminopeptidase (mU mg protein™) 30+ 13 27+ 10 26+ 12 44+21 32+14
ProPhenoloxydase-like (U mg protein") 50,3 61 7+£2 S5+1 8§+3
Acid Phosphatase (nmol mg protein™) 109 + 56 62+ 26 §7+£36 72+£30 65+17

Proteins (mg ml'l) 0,7+0,1 0,802 0,905 09+0,1 1=x0,5
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Table 9. Parameters of humoral immunity: L-leucine-aminopeptidase,
proPhenoloxydase-like, acid phosphatase and total proteins 24 hours after the
bacterial challenge (cfu injected) performed in December with Vibrio splendidus,
Enterococcus faecalis and Escherichi a coli. Values are means = SD (N=3).

Non-injected Unchallenged 10 ° 10° 10

Vibrio splendidus

L-leucine-aminopeptidase (mU mg protein™) 64 +£43 13) £ 111 33£1051+£40 52+6
ProPhenoloxydase-like (U mg protein™) 14+5 16 +6 162 17+1 15+£0,6
Acid Phosphatase (nmol mg protein) 67 +28 9016 891964 £3747+27
Proteins (mg ml™) 2+0,] 1402 14£0,6 1£0,2 20,1

Enterococcus faecalis

L-leucine-aminopeptidase (mU mg protein™) 21+22 34 £33 1812 18+8 18£12
ProPhenoloxydase-like (U mg protein™) 8+6 6+4 6+3 55 74
Acid Phosphatase (nmol mg protein™) 86 10+4 3+£2 1427 13£7
Proteins (mg ml™) 4+3 3+1 4+2 3404 3+2

Escherichia coli

L-leucine-aminopeptidase (mU mg protein™) 14+ 14 25+ 13  48+£2624+2549+45
ProPhenoloxydase-like (U mg protein™) 4+1] S5+1 51 509 6+1

Acid Phosphatase (nmol mg protein™) 24 + 36 12+ 8 61 £39 13+ 14 35 £21
Proteins (mg ml™) 4+3 242 4+4 3+£3 1+£04
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Table 10. Parameters of humoral immunity: [L-leucine-aminopeptidase,
proPhenoloxydase-like, acid phosphatase and total proteins 48 hours after the bacterial
challenge (cfu injected) performed in September with Vibrio splendidus,
Enterococcus faecalis and Escherichia coli. Values are means + SD (N=3).

Non-injected Unchallenged 10 ° 10° 10¢
Vibrio splendidus
L-leucine-aminopeptidase (mU mg protein™) 59 £ 25 51+29 317 95+£115 18+6
ProPhenoloxydase-like (U mg protein") 3x1 4+1 2 2 4+04
Acid Phosphatase (nmol mg protein™) 62+ 14 61432 62+16 108104 34+9
Proteins (mg ml™) 1£0,2 1+£0,3 1£0,5 1£02 2£0,8
Enterococcus faecalis
L-leucine-aminopeptidase (mU mg protein™) 14+6 32+£25 36+24 39+£23 20=19
ProPhenoloxydase-like (U mg protein™) 8x+6 §+4 74 9+3 87
Acid Phosphatase (nmol mg protein™) 46 + 40 88+66 88+ 113 77+38 60=x49
Proteins (mg ml™) 242 10,5 l=1 1+04 2%1
Escherichia coli
L-leucine-aminopeptidase (mU mg protein™) 4] +£34 252 S8 31+2 53+39
ProPhenoloxydase-like (U mg protein™) 10+£3 7+5 6+2 4+06 6+3
Acid Phosphatase (nmol mg protein™) 67+ 11 39+2] 108 +£42 56+28 62+24

Proteins (mg ml'l) 1 +£0,2 1£0,1 0,3£0,3 1£0,2 1+0,3
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Table 11. Parameters of humoral immunity: L-leucine-aminopeptidase, proPhenoloxydase-
like, acid phosphatase and total proteins 48 hours after the bacterial challenge (cfu injected)
performed in December with Vibrio splendidus, Enterococcus faecalis and Escherichia coli.

Values are means £ SD (N=3).

Non-injected Unchallengedd 102 10° 10*
Vibrio splendidus
L-leucine-aminopeptidase (mU mg protein™) 29+ 18 13+7 2417 4437 31+13
ProPhenoloxydase-like (U mg protein) 44 1 4+0,7 5+4 7+2 7+2
Acid Phosphatase (nmol mg protein") 40 = 27 30+32 4140 17+9 39+28
Proteins (mg ml™) 4+£2 4+£2 3+3 342 2+0,2
Enterococcus faecalis
L-leucine-aminopeptidase (mU mg protein™) 14+6 212 34 £21 3727 18 £ 11
ProPhenoloxydase-like (U mg protein™) 7£5 441 1241 7+4 52
Acid Phosphatase (nmol mg protein’) 8+7 2116 167 19+4 8+0,4
Proteins (mg ml™) 32 444 2+0,05 3+£2 4+2
Escherichia coli
L-leucine-aminopeptidase (mU mg protein™) 28+6 3016 28+16 46+19 33+ 12
ProPhenoloxydase-like (U mg protein™) 172 18 +2 18+ 1 16+3 17+4
Acid Phosphatase (nmol mg protein™) 78+ 12 69+ 36 523 50=x18 30+ 25
Proteins (mg ml™) 1+0,2 1+0,3 2+04 1+0,1 1+0,3

G¢E



36

Phagocvtic capacity

The phagocytic index 24 h after the infection with V. splendidus, E. faecalis and E.
coli was not significantly different for all doses during both trials as reported in Table 1.
In September, it ranged from 27% to 39% with V. splendidus, from 11% to 24% for E.
Jfaecalis and from 27% to 40 % for E. coli (Table 4). In December, the phagocytic
capacity varied from 19% to 38% for V. splendidus, from 22% to 41% for E. faecalis
and from 37% to 45 % for the E. coli (Table 5). No significant differences were
observed between the unchallenged group and the different infected groups concerning
the phagocytic capacity 48 h after the infection (Table 1). The phagocytic index values
for the three infections range from 30 to 50% in September (Table 6) and from 60 to
79% in December (Table 7).

ROS production

Whatever the strain, the infections have no effect on the ROS production in
September as well as in December (Table 2). After 24 h, the mean values of the ROS
production ranged from 770 a.u to 1334 a.u. in September (Table 4) and from 483 a.u to
833 a.u in December (Table 5) and after 48 h, the values range from 970 a.u to 1345 a.u
in September (Table 6) and from 370 a.u to 790 a.u in December (Table 7).

NOy production

No significant difference between the unchallenged group and the infected group
has been observed in terms of NOy production (Table 1). Mean values of NOy
production 24 h after the challenge ranged from 113 a.u to 163 a.u in September (Table
4) and from 80 a.u to 162 a.u in December (Table 5) and from 114 a.u to 159 a.u in
September (Table 6) and from 105 a.u to 160 a.u in December 48 h after the challenge
(Table 7).
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Total proteins

Results showed that treatments had no effect on the total proteins concentration.
No significant differences were observed between the challenged and the unchallenged
groups whatever the sampling time, the month, the bacterial strain or the treatment
(Table 3). In September, the total proteins concentration of the unchallenged groups
after 24 h range from 0.5 to 0.8 mg.m L' and from 0.5 to 1 mg.mL™ ' for the infected
groups (see Table 8) and the values are | mg.mL™ ' for the unchallenged group and range
from 0,3 to 2 mg.mL" for the infected group 48 h after the infection (Table 10). In
December, the values ranged from | to 3 mg.mL’ ' for the unchallenged group and from
I to 4 mg.mL ' for all the infected groups 24 h after the challenge (see Table 9). 48 h
after the challenge, the values range from | to 4 mg.mL’ ' for the unchallenged group

and for all infected groups (Table 11).

L-leucine-Aminopeptidase activity

The results obtained 24 h after the infection with each bacterial strain, In
September and in December, did not shown significant difference between the L-
leucine-aminopeptidase activity measured in the unchallenged group and the infected
groups, respectively (Table 3). The activity for the unchallenged group 24 h after the
challenge ranged from 25 to 131 mU.mg"' proteins in September and from 27 to 97
mU.mg "' proteins in December and the values of the infected groups ranged from 26 to
156 mU.mg' proteins in September and from 18 to 51 mU.mg"’ proteins in December
(Tables 8 and 9). No significant difference between the unchallenged group and the
infected groups has been observed 48 h after the infections, in September and in
December (Table 3). The values of the unchallenged group range from 25 to 51 mU.mg
! proteins in September and from 13 to 30 mU.mg"' proteins in December and for the
infected groups, the values range from [8 to 95 mU.mg" proteins in September and

from 18 to 46 mU.mg™' proteins in December (Table 10 and 11).
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ProPhenoloxydase-like activity

No significant differences have been observed between the unchallenged group
and the infected groups 24 h and 48 h after the challenge (Table 3). The mean values for
proPhenoloxydase-like activity of the unchallenged group 24 h after the infection ranged
from 6 to 7 U.mg ' proteins in September and from 5 to 16 U.mg' proteins in December.
The values for the infected group ranged from 4 to 12 U.mg™' proteins in September and
from 5to 17 U.mg’' proteins in December, as reported in Tables 8 and 9. After 48 h, the
mean values for the unchallenged group range from 2 to 7 U.mg’' proteins in September
and from S to 18 U.mg"' proteins in December. For the infected group, the mean values
for the proPO-like for the unchallenged group range from 2 to 9 U.mg’' proteins in

September and from 5 to 18 U.mg’' proteins in December (Table 10 and 11).

Acid phosphatase activity

The acid phosphatase activity was not affected by challenges whatever the strain
and the number of bacteria (table 3). The values of AP activity presented a high
variation, as reported in tables 5 and 7. Values of unchallenged group ranged from 10 to
90 nmol.mg"' proteins and from 3 to 108 nmol.mg™ proteins in the infected group 24 h
after the infection (Tables 8 and 9). After 48 h, the value in September for the
unchallenged group range from 39 to 88 nmol.mg’ proteins and from 34 to 108
nmol.mg”' proteins for the infected groups (Table 10). In December, the values range
from 21 to 69 nmol.mg™" proteins for the unchallenged group and from 8 to 52 nmol.mg’

! proteins for the infected groups (Table 11).

1.4 DISCUSSION

This study had the objectives to assess the effects of exogenous bacteria as the
fecal indicators E. coli and FE.faealis on the immune response of Mytilus edulis in

comparison to the effect of a non- pathogenic indigenous strain of V. splendidus. To
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assess the influence the injection the immune responses, we firstly made sure that
immune parameters of non-injected mussels were different than unchallenged mussels
(infected with sea water). Our results showed that there was no significant difference
between the non-injected group and the unchallenged group whatever the cellular or the
humoral parameter measured. However, no effect on cellular and humoral immunity
were observed in mussels challenged with E.coli, E. faecalis and Vibrio splendidus,
whatever the bacterial concentration injected in mussels. Nevertheless, the high viability
of haemocytes and their good phagocytic capacity observed in all groups may reflect
that immune capacity of the mussel was good enough to interact with bacteria during the
challenge. Also, this immune capacity remained the same regardless the physiological
state of mussels. The physiological state is evaluated with the gonado-somatic index
which is expressed by the percentage of the dry weight of the mantle from the total dry
weight of the mussels. In September and December, the mussels are not in spawning
period, where the immune system is suppressed due to the high energetic demands.
(Lemaire et al., 2006) That means that the results have not been influenced by spawning
mussels. However, the index showed that the mussels were not in the same physiological
state in September and December (12% in September and 22% in December). This
results from the fact that in December, mussels accumulate reserves of energy in
anticipation to the development of gametes in the spring (Gauthier-Clerc et al., 2007).
Although this demand of energy could have had an influence on the immunity of
mussels, results indicated that their change of physiological state did not influence their

immune response.

Moreover, we can also highlight that our results were similar for all challenges
although V. splendidus and E.coli are Gram-negative bacteria and E. faecalis is a Gram-
positive bacteria. Since Gram-positive bacteria have longer survival rate in sae-water
than gram-negative bacteria (Hurst ef al., 2002) and their depuration time by mussels is
longer (Roslev et al., 2009), we may have expected to observe a different immune
response. [n addition, their recognition motifs located on their membrane, which allow

haemocytes to initiate the immune response, are different and may have induced a
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different immune response of mussels depending on the interaction pathway of the
haemocytes with the bacteria (Beutler, 2004; Perry et al., 2004; Wedenmaier & Peschel,
2008).

Hence, we have to highlight the fact that the bacterial concentrations used in our
study (between 10” and 10° bacteria injected) were much lower than the concentrations
mostly use for in vivo infection of bivalves which can reach between 10% and 10°
bacteria mL" (Araya et al., 2010; Costa et al., 2009; Blaise e/ al., 2002; Lambert et al.,
2003). As an exemple, the in vivo challenge of Mya arenaria with the same strain of V.
splendidus used in our study, Mateo et al. (2010) induce an increase of the number of
hemocytes as well as a change in the morphology of hemocytes 24 h after the infection
(Mateo, 2010). However, the amount of bacteria used by Mateo (2010) was about
4.5.10° per g of clam, which is much higher than what we used in our study. The low
amount of bacteria that we use may explain the absence of immune effect during our
trials is since bacteria are part of the natural flora of mussels. It has been shown that in
oysters, there is naturally between 10% and 10" cultivable bacteria per mg of tissues
(Saulnier et al., 2010). Bacteria are also present in the hemolymph of healthy mussels,
including Vibrio species (De Decker & Saulnier, 2011). Then infection with exogenous
bacteria during our study may have been managed by mussels as bacteria of their natural
flora. In addition, this little amount of bacteria injected in a living mussel may have been
rapidly depurated since Mytilus edulis can degrade 10° bacteria per hour (Birkbeck &
McHenery, 1982). In addition, observed depuration mostly process during the first 24 h
of infection (Roslev et al., 2009) although E. faecalis can persist 168 h in mussel flesh.
Bactericidal properties of haemocytes during the first 24 h post-infection were also
observed in several in vitro challenge of haemocytes from different bivalves: Tegillarca
granosa infected with Vibrio parahaemolyticus (Bao et al, 2011), Mytilus
galloprovincialis infected with V. anguillarum and M. lysodeikticus (Costa et al., 2009)
and Mytilus edulis infected with a virulent strain of V. splendidus (Tanguy et al., 2011).

This may simply explain why we did not observed any immune effect in comparison to
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immunosuppressive or inductive effect observed by other authors in Myrilus spp. or

other bivalves.

1.5 CONCLUSION

For the first time, we conducted an in vivo infection with realistic bacterial
concentrations as reported in coastal environment. Our purpose was to observe a
potential chronic eftect of the exposure of mussels to enteric bacteria originating from
pulsed and chronic sewage discharges into coastal environments and our results show
that the mussels are able to deal with such bacteria challenges without any negative and
chronic effect on their immune competency. This allows us to say that the presence of
exogenous bacteria of fecal origin in coastal marine environments, where are located the
mussel farms does not impair the immunocompetency of mussel. These results are
positive for mussel farms, where a decrease in immune capacity could make them more
vulnerable to infections by pathogens, which could have significant repercussions on the

mussel industry.
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DISCUSSION GENERALE ET CONCLUSION

Cette étude a permis d’évaluer la réactivité de I'immunocompétence chez des
adultes M. edulis en présence de bactéries exogénes Gram-négatives et Gram-positives,
soit . coli et E. faecalis et ce, & des concentrations similaires a celles retrouvées dans
I’environnement en cas de déversement des eaux usées dans le milieu marin. Les effets
des infections effectuées avec les souches exogenes ont €été comparés a ceux d’une
souche indigeéne de référence non pathogene de V. splendidus. 11 a déja été démontré que
V. splendidus n’a aucun effet sur la capacité phagocytaire, le nombre d’hémocytes, le
stress oxydatif et sur I’expression de certains genes reliés a I’immunité (Tanguy et al.,
2011). De plus, les concentrations bactériennes et la méthode d’infection utilisées (in
vivo) ont permis d’avoir une idée réaliste des effets des bactéries exogenes E. coli et E.
Jfaecalis sur I’immunocompétence des moules dans ’environnement. Cette étude a
¢galement contribué a la compréhension de la défense immunitaire des bivalves dans des
conditions comparables a celles rencontrées lors de déversements ponctuels des eaux
usées dans I’environnement marin. Des ¢études comme celle-ci recréent le plus
fidelement possible les conditions environnementales lors de challenges bactériens ou
d’exposition a des contaminants chimiques en laboratoire, pourraient s’avérer étre un
bon complément aux études in situ. En effet, cela permettrait d’isoler les effets
individuels d’un facteur sur ['immunocompétence en standardisant les méthodes
d’expositions (e.g. concentration de contaminants chimiques, nombre de bactéries, etc.)

ce qui aide grandement la compréhension de ce qui se passe dans le milieu naturel.

[l est difficile de recréer parfaitement une exposition in sifu de moules face a des
bactéries en laboratoire, mais plusieurs méthodes ont été mises en place afin de s’en
rapprocher au maximum. Tout d’abord, les infections doivent se faire avec une
concentration bactérienne déterminée. 1l existe pour ce faire plusieurs méthodes. La
méthode par balnéation (ou les moules sont infectées par des bactéries introduites dans

I’eau) est plus proche de ce qui se passe a |’état naturel mais ne conduit pas toujours a
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des mortalités lors d’infections avec des pathogénes, ce qui illustre la complexité de ce
type d’infection. De plus, cette méthode n’offre que tres peu de reproductibilité (De
Decker &  Saulnier, 2011). La méthode par injection permet de standardiser les
infections et de connaitre plus exactement la quantité de bactéries mise en contact avec
le systétme immunitaire, ce qui est plus souhaitable lorsque les objectifs sont de
connaitre les effets de bactéries a des concentrations précises. C’est pourquoi nous avons

choisi d’utiliser cette méthode.

L’interprétation des données immunologiques récoltées avec un modéle
d’infection in vivo doit se faire avec prudence. En effet, plusieurs facteurs doivent étre
pris en considération tels que les conditions des moules au moment de |’étude, la
présence initiale de bactéries a I’intérieur des moules et les différents facteurs abiotiques
pouvant stresser les moules durant I'expérience (e.g. la température de ’eau, le taux
d’oxygene dans les bassins, etc.). Ces facteurs peuvent rendre I’¢laboration d’un
modele d’infection in vivo plus difficile et il est bien important de les considérer lors de
I’interprétation des résultats. Toutetois, ce type de modele offre un portrait beaucoup

plus réaliste des interactions hotes-bactéries que les modéles in vitro.

D’autres facteurs a prendrent en considération est sont le taux de filtration et le
temps de résidence des bactéries a I’intérieur des moules qui ont été considérés de fagon
seulement théorique et qui n’ont pas été calculés spécifiquement sur nos moules et a nos
conditions expérimentales. Plusieurs raisons techniques, dont entre autre la faible

uantité de bactéries utilisées, ont fait en sorte que ces parameétres n’ont pas été mesurés.
, p

Les résultats démontrent que dans nos conditions expérimentales, le systéme
immunitaire de M. edulis n’est pas affecté par la présence de ces bactéries exogeénes. La
compréhension de la réaction immunitaire chez M. edulis en réponse aux différents
stress environnementaux est trés importante puisque ces stress peuvent augmenter
I’incidence de maladies chez les bivalves en affectant le systéme immunitaire (Coles &
Pipes, 1994; Wootton et al., 2006). Plusieurs facteurs environnementaux tels qu’une

augmentation de la température et une diminution de la saliné, couplés a leur période de
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reproduction (qui demande beaucoup d’énergie) les rendent plus vulnérables aux
contaminations par les virus et par les bactéries pathogénes (Cochennec-Laureau ef al.,
2011). Nos résultats ont démontré que la présence des bactéries exogénes E.coli et
E.faecalis ne font pas partie de ces facteurs et ne rendent pas les moules plus vulnérables
aux maladies dans le contexte d’une exposition a des concentrations comparables a
celles retrouvées dans I’environnement lors de contaminations ponctuelles par les eaux

usées.

Perspectives

Dautres études seront indispensables afin de mieux comprendre la réaction du
systeme immunitaire de la moule bleue en présence de bactéries indigénes ou exogenes
aux environnements cotiers marins. Cette étude a démontré que les souches exogenes
E.coli et E.faecalis et la souche indigene non-pathogéne V. splendidus n’ont pas affecté
le systéme immunitaire des moules bleues adultes en dehors de leur période de
teproduction. Cependant, on ne connait pas leurs effets sur les adultes pendant leur
période de reproduction, au moment ou ils sont plus vulnérables aux infections
(Delaporte ef al., 2006; Oliver & Fisher, 1999). Une observation de la réaction
immunitaire de la moule bleue face 4 des bactéries exogénes tout au long de [’année
pourrait donc permettre d'évaluer les variations de sa capacité immunitaire tout au long
de son cycle reproducteur. De plus, il existe d’autres parametres immunitaires qui
auraient pu potentiellement permettre de détecter des variations dans activité des
hémocytes des moules infectées et qui n’ont pas été investigués lors de cette étude. La
forme des hémocytes, 1’adhérence des hémocytes, [’apoptose et [’utilisation de
stimulants de la flambée oxydative (e.g. particules de zymosan) sont des exemples de
parameétres qui sont également utilisés lors d’études sur I’immunocompétences chez les
bivalves et qui n’ont pas €té utilisés lors de cette présente €tudes pour des raisons
techniques (Birrer ef al., 2012; Lambert et al., 2007; Mateo, 2010). La régulation de
’expression de certains genes qui encode des protéines impliquées dans la réponse
immunitaire (telles que les peptides antimicrobiens, les lectines etc.) est un parametre

qui est également utilisé dans plusieurs études immunologiques. La régulation de genes
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permet de mettre en évidence certains effets précoces de I’infection (Mateo, 2010; De

Decker & Saulnier, 2011; Li et al., 2010).

Il faut également souligner le fait dans cette étude, les paramétres immunitaires ont
¢té mesurés sur I’ensemble des populations d’hémocytes sans considérer les différentes
sous-populations. Une différenciation de ces différentes sous-populations par cytométrie
en flux aurait toutefois permis de distinguer des variations de certains parameétres
immunitaires a ’intérieur de celles-ci impossibles a détecter a D’intérieur de la

population d’hémocytes totale.

Le rejet des eaux usées dans I’environnement est susceptible d’introduire dans
I’environnement, en plus des bactéries indicatrices de pollution fécales, plusieurs
contaminants chimiques, métaux lourds, produits pharmaceutiques, etc. (Mercier &
Cooper, 2001). Plusieurs de ces éléments anthropiques exogenes qui sont en contact
avec les moules sont potentiellement immunosuppresseurs et augmentent les risques de
contaminations par des bactéries pathogénes pouvant €tre présentent dans leurs milieux
(Akaishi et al., 2007, Coles & Pipes, 1994, Gagnaire ef al., 2007; Hannam et al., 2010).
Des bactéries opportunistes telles que les Vibrio pourraient tirer profit de la présence
d’éléments immunosuppresseurs pour exprimer leur potentiel virulent et infecter les
moules. Des <¢études utilisant un mélange de plusieurs souches bactériennes
simultanément en plus de contaminants chimiques susceptibles de se retrouver dans
I’environnement des moules permettraient d’obtenir des informations sur I’immunité de
la moule bleue dans des conditions environnementales plus réalistes qu’avec des

bactéries en culture pure.
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