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1 INTRODUCTION

Le milieu aquatique est un vecteur majeur pour la dispersion des polluants au niveau
planétaire. La quantité et la diversité des xénobiotiques présents dans les eaux n’ont cessé
d’augmenter ces dernic¢res décennies. La convention de Stockholm, signée en mai 2001, a été
ratifiée par plus de 150 pays a ce jour, montrant ainsi I’importance de prendre en compte
cette pollution chimique et de la contrdler. Cette convention vise a interdire un certain
nombre de polluants considérés comme particuliérement dangereux pour les écosystémes et
pour 'homme. La France et le Québec se sont également engagés dans des plans de gestion
visant a surveiller la qualité des eaux et a protéger les écosystémes aquatiques, en France a
travers la directive cadre sur ’eau (directive 2000/60/CE), et au Québec avec une politique

nationale de ’eau.

Le dosage des polluants dans les eaux ou organismes, Iutilisation d’espéces sentinelles
et de biomarqueurs sont autant de méthodes permettant d’évaluer 1’état des milieux
aquatiques. Le suivi en tandem espece sentinelle-biomarqueurs conduit a une vision intégrée,

sur une période pouvant étre longue, de I’impact du stress chimique sur les écosystémes.

Cette ¢tude a pour objectifs d’évaluer a différentes échelles d'organisation biologique
(moléculaire, cellulaire, individuelle et populationnelle), I’'impact de la pollution sur deux
poissons estuariens, le flet (Platichthys flesus) en France et le poulamon (Microgadus
tomcod) au Québec. Une expérience de contamination a été réalisée en laboratoire sur le flet
afin de mettre en évidence des marqueurs sensibles a une contamination aux PCBs
(Polychlorobiphényles) et HAPs (Hydrocarbures aromatiques polycycliques). L utilisation de
ces marqueurs sur des populations naturelles de flet et de poulamon en milieux estuariens
nous ont permis d’évaluer, au final, dans quelles mesures ces marqueurs peuvent é&tre
considérés comme des outils pertinents pour évaluer la qualité des eaux cotieres. De plus, ce
suivi de différents biomarqueurs sur deux espéces inféodées aux estuaires en France et au
Québec, doit nous permettre de mieux comprendre dans quelle mesure les réponses
biologiques obtenues sont convergentes, ou au contraire contrastées, par 1’espece et/ou les

lieux de vie.
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2 LES PERTURBATIONS EN MILIEUX COTIERS

2.1 Les perturbations anthropiques

Le milieu marin est aujourd’hui un milieu particulierement impacté par I’homme a

travers des perturbations biologiques, physiques ou encore chimiques.

Les modifications biologiques sont souvent la conséquence de la surpéche ou de
I’arrivée d’une espeéce invasive qui entrainent une modification du réseau trophique
perturbant ainsi tout le fonctionnement d’un écosysteme (Coleman et Williams, 2002). Les
constructions humaines le long du littoral peuvent perturber de maniére physique
I’environnement en détruisant partiellement ou totalement les habitats des espéces, comme
les zones de nourriceries cotieres ou encore les frayeres de certains poissons (Travis, 2003).
Le bruit des bateaux est également considéré comme un changement physique qui pourrait
avoir un impact notamment sur le comportement de certains mammiféres marins (Nowacek et
al., 2007). Enfin, le milieu marin est un environnement tres sensible a la pollution chimique.
Cette pollution est non seulement dangereuse pour le milieu marin mais également pour
I’homme. Qu’il s’agisse d’une pollution accidentelle comme une marée noire, ou d’une
pollution chronique, la présence de toxiques dans 1’eau peut avoir un impact direct sur la
santé humaine (Corsolini et al., 2005). Les zones potentiellement exposées aux stress
chimiques doivent donc étre particulierement suivies par 1’analyse systématique des teneurs
en contaminants dans les eaux, les sédiments et les organismes. Quand les risques de
contamination sont connus, des mesures peuvent alors étre prises comme I’interdiction de la
péche de certains poissons du Rhone en 2007, liée a la forte teneur en polychlorobiphényles

(PCBs) dans leurs tissus (Bodiguel, 2008).

2.2 Les principaux polluants

Aujourd’hui les xénobiotiques présents dans I’environnement marin sont trés
nombreux (métaux, pesticides, PCBs, hydrocarbures polycycliques, médicaments,...) et les
sources de ces pollutions sont elles aussi diverses (rejets domestiques, rejets d’usine,
déversements liés au transport maritime...). Dans le cadre de cette thése, nous nous
intéresserons aux polluants majeurs présents dans les sites que nous allons étudiés : les

métaux, les pesticides, les hydrocarbures polycycliques (HAPs) et les PCBs.
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2.2.1 Les métaux

Historiquement, les mines, exploitées ou non, conduisent souvent a des rejets de cuivre,
d’étain, de plomb, d’argent ou encore de mercure qui aboutissent dans les eaux fluviales par
le ruissellement. Les rejets métalliques des usines métallurgiques telles que les alumineries,
sont également une source de contamination importante, de méme que les eaux de
ruissellement sur les toitures et les routes, ou tout simplement 1’érosion des sols. Des suivis
de teneurs en métaux réalisés sur plus de 10 ans montrent parfois une diminution des
concentrations détectées dans les eaux de certaines riviéres (Dobson, 2000; Harmens et al.,
2007, 2008) et dans les tissus des poissons (Maes, Belpaire et Goemans, 2008; Polak-
Juszczak, 2009). Néanmoins, Maes et al (2008) montrent également que si la teneur en plomb
diminue dans la chair d’anguilles capturées en Belgique de 1994 a 2005, la concentration en
mercure et en cadmium reste stable. Le probléme majeur des métaux est qu’ils ne sont pas
biodégradables et qu’ils peuvent donc se stabiliser dans les sédiments, en riviere comme en
estuaire. Ils peuvent étre ingérés par les organismes, plus ou moins éliminés ou concentrés
dans certains tissus. Les métaux peuvent ainsi étre bioaccumulés tout au long des réseaux
trophiques et atteindre des niveaux toxiques pour les especes situées au sommet de la chaine

alimentaire, tels que les poissons (Zhou et al., 2008).

La présence de métaux dans I’environnement peut donc, a certaines doses, devenir
dangereuse pour les organismes vivant dans les milieux cdétiers et pour ’homme situé en fin
de chaine alimentaire. Il a été montré, par exemple, que des niveaux élevés de métaux
pouvaient perturber le mécanisme de phagocytose chez les cellules immunitaires de bivalves
(Maes, Belpaire et Goemans, 2008; Sauvé et al., 2002). La catastrophe de Minamata est
devenue un cas d’école, démontrant a quel point les métaux lourds peuvent tre extrémement
toxiques (Ekino et al., 2007); les effluents du méthyl-mercure rejetés par une usine ayant
conduit a une accumulation de mercure dans le réseau trophique provoquant la mort de plus

de 800 personnes et handicapant des milliers d’autres (paralysie, déficience neuronale).

2.2.2 Les pesticides

Les pesticides sont de par leur fonction premiére des biocides, c’est-a-dire des
molécules utilisées pour détruire différents types d’organismes (ravageurs, compétiteurs ou
pathogénes) considérés comme nuisibles par les agriculteurs. Néanmoins, une partie de ces

toxiques est dispersée dans I’atmosphére ou bien lessivée par les eaux de pluie et va alors se
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retrouver dans les eaux souterraines ou fluviales (Belfroid et al., 1998). Les insecticides, les

fongicides et les herbicides sont les 3 catégories regroupant ces composés phytosanitaires.

Il a été montré que certains pesticides pouvaient perturber le systéme immunitaire de la
truite arc-en-ciel (Shelley et al., 2009). Ces composés ont des effets immunosuppresseurs sur
les poissons, diminuant ainsi leur capacité a se défendre face a une maladie (Dunier et
Siwicki, 1993). Ils peuvent aussi étre a l'origine de malformations chez les feetus
d’amphibiens (LeBlanc et Bain, 1997). Akcha et al. (2012) ont observé que le diuron (un
herbicide) pouvait avoir un effet génotoxique sur les spermatozoides d’huitres, perturber leur
développement embryo-larvaire, et affecter le taux de recrutement des huitres en milieu
naturel. Les pesticides peuvent avoir un impact sur de nombreuses fonctions biologiques chez
les poissons : modulation du systéme immunitaire, du métabolisme des méthionines et des
lipides, du métabolisme énergétique (Dunier et Siwicki, 1993; Evrard et al., 2010b;
Marchand et al., 2006). Par exemple, des truites arc-en-ciel (Oncorhynchus mykiss) soumises
a une contamination de 28 jours avec un herbicide (pendimethalin ou Prowl 400) présentent
une diminution de P’activité de phagocytose et du systeme du complément, deux éléments
essentiels du systéme immunitaire ; cette contamination conduit a une augmentation de la
sensibilité des poissons aux infections virales (Danion et al., 2012b). Pour I’homme, certains
pesticides tel que le dichlorodiphényl-trichloroéthane, couramment appelé DDT, sont
considérés comme cancérigénes par 1’Agence International de Recherche sur le Cancer

(IARC).

2.2.3 Les Polychlorobiphényls

Les Polychlorobiphényls (PCBs), appelés au Québec Biphényls polychlorés (BPCs),
sont des composés aromatiques organochlorés utilisés depuis des décennies pour leur stabilité
technique et chimique ; ce qui en fait de bons isolants, notamment utilisés dans 1’industrie par
exemple pour la fabrication de transformateurs électriques. Ils sont aussi présents dans la
composition de nombreux vernis et peintures. C’est une famille qui comprend 209
congéneres regroupés en 2 classes selon leur mode d’action. Les PCBs de type dioxine, ou
dioxine-like (PCB-DL), agissent de manicre similaire aux dioxines en se fixant au récepteur
Ah (Aryl-hydrocarbone) tandis que les PCBs non dioxine-like (PCB-NDL) n’ont pas
d’affinité avec ce récepteur Ah (Giesy et Kannan, 1998). Sept des 209 congéneres identifiés
représentent prés de 50% de I’ensemble des PCBs retrouvés dans les aliments d’origine

animale. Ces 7 PCBs qui regroupent 6 PCB-NDL (PCB 28, 52, 101, 138, 153 et 180) et un
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PCB-DL (PCB 118) sont considérés comme des PCBs indicateurs (PCBi). Ce sont ces PCBi
qui sont dosés pour s’assurer du niveau de contamination d’un produit. Les effets toxiques
des PCBs ont conduit a leur interdiction dans de nombreux pays depuis une vingtaine
d’années ; par conséquent leur concentration dans le milieu marin est en diminution.
Néanmoins les PCBs ne sont pas pour la plupart biotransformables, ils vont donc en partie
s’accumuler dans les tissus adipeux des organismes et sont alors bioamplifiés le long des

réseaux trophiques (Ross, 2004).

Il a été montré qu’a fortes doses les PCBs pouvaient causer des tumeurs chez le rat.
Suite a ces résultat les PCBs ont été classés comme potentiellement cancérigénes pour
I’homme par P’EPA (US Environnemental Protection Agency, 1988). Du fait de leur position
au sommet de la chaine trophique, les poissons accumulent de grandes quantités de PCBs ce
qui peut avoir des impacts sur leur systéme immunitaire, entrainer des lésions hépatiques et
perturber leur condition physiologique (Khan, 2003). Des études réalisées sur des personnes
consommant du poisson contenant des PCBs ont montré que la quantité de PCBs dans leur
sang ¢tait corrélée avec la quantité de PCBs dans les poissons ingérés, et apparemment
dépourvue de liens avec 1’état de santé des consommateurs (Flynn, 1997). Par ailleurs, il
semblerait qu’une exposition prénatale répétée a des PCBs puisse avoir un effet neurologique
sur les foetus (Jacobson et Jacobson, 1996), entrainant par la suite chez les enfants des retards

d’apprentissage et des problemes de mémoire (Schantz et al., 2001)

2.2.4 Les Hydrocarbures aromatiques polycycliques

Les HAPs détectés dans I’environnement sont la conséquence de la combustion
incompléte d’hydrocarbures ou de produits dérivés de ces hydrocarbures (issus
d’incinérateurs, de moteurs d’automobiles, de feux de cheminge,...). Ils sont présents sous
des centaines de formes différentes et largement répandus sur 1’ensemble de la planéte. Seize
HAPs sont considérés comme polluants prioritaires par I’EPA (US Environnemental
Protection Agency) et sont le plus souvent mesurés pour évaluer I’état d’un environnement.
Comme la plupart des PCBs, les HAPs sont hydrophobes et ont donc tendance a s’associer a
la mati¢re particulaire présente dans les eaux. Associé¢s a ces particules, les HAPs vont alors
sédimenter ou rentrer dans les réseaux trophiques. Mais contrairement aux xénobiotiques
précédents, les HAPs peuvent étre métabolisés par de nombreux organismes. Les métabolites
alors produits sont souvent plus toxiques en eux-mémes que les HAPs méres dont ils sont

issus (Salas et Burchiel, 1998).
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L’un des HAPs les plus toxiques est le Benzo(a)pyréne (B(a)P) qui est reconnu comme
cancérigene par I'IARC. La toxicité du B(a)P est en partie directement liée a I'un de ses
métabolites, le Benzo(a)Pyréne-7,8-dihydrodiol-9,10-époxyde (BPDE), qui, une fois présent
dans les cellules peut entrainer des mutations pouvant conduire a long terme au
développement de cancers (Salas et Burchiel, 1998). De manicre plus générale, il a été
montré que la présence de HAPs dans I’environnement marin pouvait entrainer des Iésions
hépatiques, des problémes de reproduction et de croissance chez le carlottin anglais,
Parophrys vetulus, (Johnson et al., 2001; Johnson et al., 1998) ou encore diminuer la capacité
de saumon quinnat, Oncorhynchus tshawytscha, a résister a un virus (Arkoosh et al., 2001a).
La contamination par les HAPs entraine chez les poissons une perturbation de différentes
fonctions immunitaires telle que I’activité du lysozyme, les capacités de phagocytoses, la
régulation de 1’apoptose ou encore la prolifération cellulaire (Reynaud et Deschaux, 2006).
Par exemple, Danion et al (2011a) observe chez des bars commun (Dicentrarchus labrax L.)
une diminution du nombre de lymphocytes, un augmentation de la mortalité des leucocytes et
une diminution des capacités de phagocytose aprés 21 jours de contamination aux

hydrocarbures.

2.2.5 Que sont les POPs ?

Aujourd’hui, quand on aborde la question des polluants en milieu marin, I’abréviation
POPs revient assez régulierement. Selon la convention de Stockholm les POPs, pour
« Polluants Organiques Persistants », sont des polluants organiques qui se dégradent
« lentement », sont bioaccumulés dans les organismes et le long des réseaux trophiques, sont
toxiques et peuvent se répandre sur de grandes distances (www.pops.int). La convention de
Stockolm ratifiée en 2004 vise a interdire et restreindre 1’utilisation de ces composés dans le
monde. A I’origine les POPs sont définis par la convention de Stockholm au nombre de 12 :
neuf pesticides (DDT, aldrine, chlordane, dieldrine, endrine, heptachlore, mirex, toxaphéne,
et hexachlorobenzéne), tous les PCBs et deux sous-produits indésirables de la combustion et
des processus industriels (les dioxines et les furanes). En mai 2009, lors de la conférence des
parties (COP4), neuf POPs sont ajoutés (United Nations Environment Program, 2009): deux
pesticides (le chlordécone et les hexachlorocyclohexanes y compris le lindane) et sept
produits chimiques industriels : hexabromobiphényle, pentachlorobenzéne, tétrabromo-
diphényléther, pentabromodiphényléther, hexabromodiphényléther, heptabromodiphényléther

et les sulfonates de perfluorooctane et leurs dérivés. Enfin, en mai 2011 lors de la conférence
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des Parties, un nouvel amendement est adopté pour ajouter a la liste I’endosulfan et ses
isoformes associées (United Nations Environment Program, 2011). Les POPs regroupent les
substances considérées comme les plus préoccupantes pour I’environnement et la santé
humaine du fait de leur forte toxicité et de leur persistance dans les milieux naturels. Notons
que les HAPs n’en font pas partie, car ils ne sont pas bioaccumulés dans les organismes mais

biotransformés et par conséquent non considérés comme persistants.

2.2.6 Autres polluants

De nombreux autres polluants, non abordés lors de ce travail de thése, sont présents
dans les eaux telles que les PBDEs (polybromodiphényléthers) ou EDPBs (éthers
diphénliques polybromés). Il s’agit de composés utilisés dans la fabrication de nombreux
produits de consommation (piece automobile, mousse d’ameublement, plastique...) pour leur
propriété ignifuge. Certains de ces produits étant particulieérement toxiques, leur production
est interdite dans de nombreux pays dont la France et le Canada. Les PBDEs sont peu
solubles dans les eaux et liposolubles, ils sont donc facilement bioaccumulables et
bioamplifiés le long du réseau trophique. Du fait de leur forme chimique trés proche d’une
hormone thyroidienne, ces xénobiotiques peuvent interférer avec le systéme endocrinien et
entrainer des perturbations dans la reproduction, des malformations et des cancers (Hale et

al.,2003; Kester et al., 2002).

De plus en plus de composés pharmaceutiques sont également retrouvés dans les eaux
telles que des anti-inflammatoires, des antibiotiques ou encore des composés hormonaux
(Christen et al., 2010). Ces composés sont fabriqués afin d’avoir un effet spécifique sur les
humains ou les animaux; par conséquent, leur présence dans les milieux aquatiques, pourrait
se traduire par des effets similaires sur les organismes marins, et donc perturber leurs
fonctions immunitaires ou hormonales (Christen et al., 2010). Ainsi les cestrogeénes peuvent
conduire a des altérations séveres des fonctions endocrines et du systéme immunitaire des

poissons (Cabas et al., 2012; Wenger et al., 2011).

Les nanoparticules forment un groupe de substances émergentes de plus en plus
¢tudiées pour leur éventuel effet toxique (Moore, 2006). Ces xénobiotiques sont le plus
souvent définis comme des particules de taille inférieure a 100 nanometres de diametre. Les
nanoparticules peuvent étre d’origine naturelle, voire produites de maniere non intentionnelle
lors de processus industriels (ingénierie pétroliere, processus métallurgiques) ou créées de

manicres spécifiques (Bruneau, 2011). Ces dernieres particules, appelées points quantiques
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(quantum dots) sont synthétisées afin d’étre utilisées en médecine pour des techniques
d’imagerie médicale ou encore en ingénierie et informatique. Du fait de leur faible taille et de
la grande diversité de type de nanoparticules existantes, elles sont difficilement quantifiables
dans les milieux naturels. Des expériences réalisées in vitro montrent une diminution de la
viabilité cellulaire en présence de points quantiques (Derfus, Chan et Bhatia, 2004). Bruneau
(2011) a observé que des cellules immunitaires de Truite arc-en-ciel, Onchorynchus mykiss,
exposées a des nanoparticules d’argents présentaient un diminution de viabilité, une
augmentation de leur capacité de phagocytose et une diminution de la transformation

lymphoblastique.

A tous ces composés d’origine majoritairement anthropique peuvent s’ajouter des
toxiques produits par des cyanobactéries. Les cyanobactéries sont des procaryotes que 1’on
peut trouver dans les lacs et rivieres qui sécretent différents types de toxines (neurotoxines
alcaloides, endotoxines lipopolysaccharide, cytotoxines et hépatotoxines). Ces toxines
peuvent causer chez ’homme des problémes gastriques, de I’asthme, des conjonctivites et des
réactions allergiques cutanées (Hunter, 1998). Chez les poissons, les toxines de
cyanobactéries peuvent avoir des effets allant d’une augmentation du stress oxydatif au
niveau cellulaire (Jos et al., 2005), jusqu’a une perturbation du comportement natatoire

(Baganz, Staaks et Steinberg, 1998).

Il apparait donc que les milieux aquatiques sont soumis fréquemment a de multiples
contaminations (métaux, HAP, PCB, pesticides...) ainsi qu’a divers pressions anthropiques
comme la destruction de certains habitats et la surpéche. A ces perturbations s’ajoute de
pressions qui ne sont pas directement liées aux actions anthropiques, mais indirectement
comme le réchauffement climatique, I’acidification des eaux, I’hypoxie en tant que

conséquence de I'eutrophisation...

3 MODELES ET SITES D’ETUDES

3.1 Les nourriceries cotiéres

Les estuaires sont parmi les systémes les plus productifs du monde; ils sont également
les réceptacles de multiples activités humaines (domestiques, industrielles, agricoles) et donc

caractérisés par des cocktails polluants complexes. Les facteurs environnementaux
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(profondeur de la colonne d’eau, intensité des courants de marée, débit, salinité, température,
concentration en oxygene dissout, charge en nutriments) et biologiques (traits de vie et
activités métaboliques des organismes) caractérisant ces environnements estuariens, peuvent

influencer la qualité chimique des eaux et des sédiments (Cotano et Villate, 2006).

Or les estuaires et les zones coticres sont généralement considérés comme des
nourriceries essentielles pour de nombreuses especes de poissons marin (Cabral et al., 2007,
Lazzari et Stone, 2006); i.e. des sites ou de fortes densités de juvéniles sont rencontrées et
expliquées par la présence de conditions trophiques favorables a la croissance et 1’existence
de refuges vis a vis de la prédation (Pihl ez al., 2002). Dans ce travail, nous nous sommes
intéressés particulierement au flet (P.flesus) et au poulamon (M. tomcod) qui sont des espéces

inféodées a ces nourriceries cotieres.

En considérant la complexité des cocktails polluants en milieux estuariens, il est délicat
de vouloir estimer la qualité¢ des eaux de ces systémes par le seul dosage chimique de
quelques molécules polluantes considérées comme toxiques, dans les eaux ou organismes. En
effet, la multiplicité des polluants présents a des concentrations individuelles considérées
comme non toxiques, peut se traduire par des effets toxiques synergiques et peut donc
impacter sérieusement le fonctionnement de I’écosysteme. De plus, les mesures chimiques
dans I’eau donnent une image a un instant t de I’état de ’environnement, et ne tiennent donc
pas compte d’éventuelles variations temporelles fortes dans les teneurs en polluants, ni de
I’effet potentiel de la bioaccumulation sur les organismes (Amiard et Amiard-Triquet, 2008).
Enfin, il faut noter que 1’on ne peut détecter dans I’environnement que ce que l’on y
recherche par chimie analytique et que les molécules effectivement détectées ne constituent
généralement qu'une infime partie des multiples polluants présents dans les milieux naturels.
Afin de développer une vision intégrée sur une période assez longue de I’impact du stress
chimique sur les écosystemes, 1'utilisation d’espéces sentinelles et de biomarqueurs semble

donc nécessaire, en complément des analyses chimiques.

3.2 Notion d'espéce sentinelle

Une espece sentinelle est une espéce qui permet de déclencher une alerte quand une
situation présente un risque pour I’environnement ou pour la santé humaine. Elle peut se
définir comme « un organisme dont les changements de caractéristiques connues peuvent étre

mesurés afin d’évaluer I’ampleur d’une contamination environnementale et ses implications
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pour la santé humaine et ainsi prévenir tot ses implications » (O'Brien, Kaneene et Poppenga,

1993).

Les critéres sont nombreux pour définir une espeéce sentinelle et font 1’objet de
nombreux débats. L’espéce doit pouvoir étre facilement capturée, avoir une taille permettant
de multiples analyses et doit présenter une aire de répartition connue et assez étendue
(Bélanger, 2009). Elle ne doit pas étre une espéce migratrice mais au contraire vivre dans une
zone limitée, au moins durant une partie de son cycle biologique, ceci pour refléter 1’état
d’une zone naturelle précise. Afin de prendre en compte les effets de la bioaccumulation,
I’espece doit étre située assez haut dans la chaine alimentaire et étre considérée comme aussi
sensible que I’homme face a une contamination chimique (Bélanger, 2009; Fouqueray, 2008;
Lower et Kendall, 1990; O'Brien, Kaneene et Poppenga, 1993). Les poissons de hauts
niveaux trophiques sont ainsi souvent considérés comme de bonnes espéces candidates en
écotoxicologie, particulierement celles présentant des migrations limitées durant leur phase

de vie juvénile ou tout au long de leur vie (Berthet, 2008).

3.3 Le flet, Platichthys flesus

Le flet, P. flesus (Figure 1 - droite), de la famille des pleuronectidés est un poisson plat
euryhalin vivant préférentiellement sur les fonds sablo-vaseux et vaseux des zones
estuariennes et cotieres (Déniel, 1981). Il est largement réparti le long des cotes de
I’ Atlantique Occidental, de la Mer Blanche jusqu’au Sud du Portugal et dans quelques zones

de la Méditerranée et de la Mer Noire (Figure 2 ; Borsa et al. (1997)).

Figure 1 : poulamon, M. fomcod (a gauche) ; flet, P. flesus (a droite)
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Le flet est un poisson catadrome, vivant la majeure partie de I’année dans les zones
estuariennes et les fleuves, il va rejoindre ’océan a 1’age adulte pour se reproduire (Figure 3 :
Cycle de vie du flet, P. flesus (Evrard, 2009)). Le long des cotes frangaises la reproduction a
lieu au cours de I’hiver (janvier a mars). Les ceufs pondus sont pélagiques; apres 7 jours, les
larves éclosent et présentent une symétrie bilatérale. Elles vont alors dériver passivement
dans les masses d’eau dans un premier temps, puis se rapprocher ensuite plus activement vers
les zones de dessalure. Les larves subissent ensuite une métamorphose en juvéniles ; ces
derniers présentent les caractéristiques des poissons plats benthiques et vont alors se diriger
trés activement vers les estuaires qui sont pour eux des aires naturelles de nourricerie. Le
recrutement des juvéniles dans ces nourriceries a lieu au mois de mai alors qu’ils mesurent
entre 15 et 30mm. Les nourriceries, zones de grandes importances écologiques, sont des sites
qui présentent de grandes abondances en juvéniles de poissons qui y trouvent des conditions
favorables a leur croissance, une grande disponibilité de proies et un refuge vis a vis des
prédateurs (Beck et al., 2001; Martinho et al., 2007). Les flets vont rester de 2 a 3 ans dans
les estuaires jusqu’a atteindre une taille entre 110 et 250mm lors du second automne,
présentant ainsi une grande variabilité inter-individuelle dans leur taux de croissance
(Masson, 1987). Au cours de I’hiver, les flets devenus sexuellement matures iront rejoindre
les adultes pour se reproduire a I’embouchure des fleuves ou en mer, et donner ainsi

naissance a la génération suivante.

Figure 2 : aire de répartition du Flet, P. flesus (en jaune) et du poulamon, M. fomcod (en rouge)
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Figure 3 : Cycle de vie du flet, P. flesus (Evrard, 2009)

3.4 Le poulamon, Microgadus tomcod

Le poulamon (Figure 1Figure 2 — gauche) est un gadidé (famille des morues). C’est un
poisson anadrome qui, a 1’age adulte, vit dans les eaux saumatres ou plus salées des zones
estuariennes a de faibles profondeurs. Il va migrer en eau douce en hiver (entre le mois de
décembre et février) pour se reproduire. Cette migration est bien connue au Québec
essentiellement preés de Sainte-Anne de la Pérade, ou le "petit poisson de chenaux" (nom
local) fait I’objet d’une péche sous la glace. Le poulamon est en réalité présent de la cote Sud
du Labrador (Canada) jusqu’en Virginie (USA) (Figure 2 ; Dunbar (1970)), mais a ce jour,

seule sa migration dans la riviére Sainte-Anne (Fortin ef al., 1990) et dans le fleuve Hudson
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(Dew et Hecht, 1994) est bien documentée. Au Québec, les ceufs éclosent au printemps et les
larves vont dériver vers la partie estuarienne de I’hydrosystéme (Figure 4). Les juvéniles
colonisent alors les cotes du Saint Laurent et notamment les herbiers a zostéres de mai a
juillet, ils mesurent alors entre 50 et 100mm. Ces herbiers sont pour le poulamon des zones
de nourriceries (Lazzari et Stone, 2006). Les poissons vont y rester pendant deux ans, se
déplacant peu. Lors du second automne qu’ils vont passer dans 1’herbier la plupart des
poulamons vont devenir sexuellement matures, mesurant alors entre 200mm et 270mm.

Devenus adultes, ils vont alors quitter le site pour rejoindre les sites de reproduction.

Croissance

Recrutement =
(juillet)

Aire de reproduction

Figure 4 : Cycle de vie du poulamon, M. tomcod
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Le flet et le poulamon présentent donc les caractéristiques nécessaires pour étre des
especes sentinelles. Ce sont des poissons qui sont, au stade juvénile, peu mobiles, liés a leur
zone de nourricerie, ils reflétent donc 1’état de cet écosystéme. De plus, ce sont des especes
benthique (flet) ou démersale (poulamon) en contact ou a proximité immédiate avec des
sédiments potentiellement contaminés. Ces deux especes sont placées suffisamment haut
dans les réseaux trophiques pour bioaccumuler potentiellement les contaminants. Le flet, tout
comme le poulamon, a fait ’objet de nombreuses études centrées sur les réponses du poisson
au stress chimique. Le poulamon, présent dans le fleuve Hudson, a été trés étudié pour mieux
comprendre I’impact potentiel de fortes teneurs en PCBs et HAPs présents dans ce fleuve sur
le fonctionnement et 1’état de santé d'un poisson estuarien. Des études ont ainsi montré que
les populations de I’Hudson présentaient des modifications dans 1’expression du gene du
cytochrome P4501A, ainsi que des 1ésions hépatiques sévéres (Courtenay et al. 1999; Wirgin
and Waldman 1998; Yuan et al. 2001). Des modifications dans I’expression du géne du
cytochrome P4501A ont aussi été démontrées chez le flet face a une exposition au HAPs et
PCBs (Besselink et al. 1998; Beyer et al. 1996). Par ailleurs, de nombreux travaux menés sur
le flet ont mis en évidence un effet de la contamination chimique sur les réponses
moléculaires et génétiques de ce poisson, ainsi que des altérations de ses traits d'histoire de
vie (Evrard et al. 2010; Laroche et al. 2002; Marchand et al. 2010; Marchand et al. 2006;
Marchand et al. 2003).
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4 LES BIOMARQUEURS

Nous avons analysé dans ce travail la réponse du poisson au stress chimique, en
considérant différents niveaux d'organisation biologique : moléculaire, biochimique,

cellulaire et individuelle (Figure 5).

4.1 Biomarqueurs, définition

Un biomarqueur peut étre défini comme « un changement biochimique, cellulaire,
physiologique ou comportemental qui peut étre mesuré dans des tissus ou des fluides
corporels ou au niveau de ’organisme entier, et qui met en évidence 1’exposition a (/ou les
effets d’) un ou plusieurs polluants chimiques » (Amiard et Amiard-Triquet, 2008). La
distinction est généralement faite entre les biomarqueurs d’exposition, d’effet et de
susceptibilité. Certains biomarqueurs sont dits "spécifiques" car ils répondent a priori

préférentiellement a certains types de contaminants.

Exposition

altérations génétiques et génomiques
(Dommages a I'ADN par test comeéte &
expression de genes : BHMT, CYP1A, C3, TNF-R)

Pertinence

Intégration
écologique .

dans le

' altération des quantités ou activités protéiques
9 . temps

(EROD, Lysozymes)

altérations cellulaires
(capacité de phagocytose)

altérations physiologiques
(proxy du métabolisme énergétique : CCO)

Impact sur l'individu
(indices de condition)

Figure 5 : Représentation schématique des réponses biologiques séquentielles a un stress. Les marqueurs
utilisés dans ce projet sont indiqués entre parenthése.
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4.2 Dommages a PADN

En collaboration avec Alain Devaux et Sylvie Bony (INRA, Vaulx en Velin - UMR
LEHNA, Université Claude Bernard Lyon I), le test des comeétes a été réalisé sur les hématies
de flets avec d’évaluer la génotoxicité des polluants. Le test des cométes permet d’évaluer les
cassures simples et doubles brins de ’ADN. Les contaminants agissant sur 1’intégrité de

I’ADN peuvent étre regroupés en 4 classes (Lee et Steinert, 2003) :
- Les contaminants agissant directement sur I’ADN
- Les contaminants donc les métabolites engendrent des dommages a ’ADN

- Les contaminants donc la présence peut entrainer la production d’espece réactive de

I’oxygene (ROS), ces derniers pouvant causer des dommages a I’ADN
- Les contaminants qui inhibent la synthése et la réparation de I’ADN.

Le test des cometes peut donc étre utilisé comme un indicateur de 1’action génotoxique
des contaminants. Plusieurs études ont démontré que les HAPs et que certains PCBs
pouvaient produire un effet génotoxique (e.g. Costa et al., 2008; Curtis et al., 2011; Wessel et
al., 2010).

4.3 Réponses moléculaires, I’expression de génes

Face a une contamination, un organisme peut modifier I’expression de ses genes pour
s’acclimater (au sens physiologique du terme) a cette nouvelle situation. Cette modification
est souvent considérée comme une réponse précoce de l’organisme soumis a un stress

chimique.

Parmi les différents génes dont 1’expression est modifiée lors d’une contamination, le
cytochrome P450 1A (CYPIA) est I'un des plus étudi€. Il intervient dans la transformation
des xénobiotiques hydrophobes en métabolites hydrosolubles, participant ainsi au processus
de biotransformation de certains polluants organiques toxiques tel que les HAPs (Sarasquete
et Segner, 2000). De maniére simplifiée, la présence de contaminants dans I’organisme
déclenche des processus de détoxication et donc une augmentation de 1’expression du gene
CYPI1A. Ce processus a ét¢ démontré chez de nombreuses especes de poissons dont le flet

(Evrard et al., 2010a) et le poulamon (Wirgin and Waldman 1998).
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L’un des objectifs de ce travail étant d’ajouter une approche immunotoxicologique aux
précédentes études réalisées sur le flet, I’analyse de I’expression de geénes liés au systeme
immunitaire a été privilégiée. Nous avons donc choisi d’étudier I’expression de 2 génes
impliqués dans le systéme immunitaire : le TNF-R, « Tumor Necrosis Factor Receptor» et le

Complement C3 (leur role dans I’immunité sera décrite dans le paragraphe suivant : 4.3).

De plus, une analyse protéomique sans a priori (par électrophoréses en 2 dimensions)
réalisée lors de I’expérience de contamination expérimentale de flets (Chapitre 1) a montré
une augmentation de Betaine Homocysteine S-MethylTransferase (BHMT) en présence de
HAPs et PCBs (voir Annexe 1). La BHMT est une protéine qui contribue a la régulation des
niveaux d’homocysteines (Pajares et Pérez-Sala, 2006). Des études ont montré une régulation
du géne de la BHMT en présence de contaminants chez les téléostéens (e.g. Lu ef al., 2012;
Yum et al., 2005). La BHMT pourrait intervenir dans les processus de détoxication de phase
II (Marchand et al., 2006). Des populations naturelles de flet vivant dans des environnements
contrastés ont montré des différentiels d’expression du gene BHMT (Evrard et al., 2012;

Marchand et al., 2006).

4.4 Systéme immunitaire

4.4.1 Le systeme immunitaire des poissons

Le systeme immunitaire est un ensemble de facteurs humoraux et cellulaires qui a pour
fonction de maintenir I’homéostasie, de protéger 1’organisme des parasites, infections et
proliférations malignes. Il ne répond donc pas directement a la présence de polluants.
Néanmoins, la présence de xénobiotiques peut affaiblir le systéme immunitaire d’un
organisme, diminuant ainsi ses capacités de défense par exemple vis-a-vis des parasites
(Dunier 1996; Dunier and Siwicki 1993). Le systéme immunitaire des poissons est assez
proche de celui des vertébrés supérieurs (Zelikoff, 1998). Les poissons possedent des
mécanismes de défenses spécifiques et non spécifiques, tous deux incluant des réponses

humorales et cellulaires.

La réponse non spécifique fait intervenir des cellules circulantes, les leucocytes, aussi
appelés cellules blanches par opposition aux globules rouges. Les leucocytes sont classés en
trois grandes familles : les lymphocytes, les granulocytes et les monocytes/macrophages. Les
lymphocytes peuvent intervenir dans la réponse non spécifique de par leur activité

cytotoxique vis-a-vis des cellules tumorales ou infectées par des organismes (Secombes,
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1996), les deux autres populations cellulaires jouant quant a elles un role important dans
I’inflammation et la phagocytose. Chez les poissons, ce sont les monocytes/macrophages qui
participent le plus activement a la phagocytose permettant ainsi la destruction des corps
étrangers (Kemenade et al., 1994). A cette réponse a médiation cellulaire s’ajoute une
réponse non spécifique a médiation humorale par I’intermédiaire de nombreuses enzymes et
protéines tel que le lysozyme, les lectines ou encore le systéme du complément (Kollner ef al.

2002).

La réponse immunitaire spécifique chez les poissons est assez proche de celle des
vertébrés supérieurs. Le phénoméne de rejet face a une greffe chez le bar commun,
Dicentrarchus labrax, confirme 1’existence d’une réponse a médiation cellulaire cytotoxique
chez les poissons (Romano ef al., 2005). A cela s’ajoute une réponse de type humorale par la
production d’anticorps. Les poissons possedent ainsi, tout comme les vertébrés supérieurs,
des cellules capables de reconnaitre un antigéne et de développer une réponse immunitaire
spécifique. De plus, des protéines appelées cytokines sont présentes dans les milieux
cellulaires et acellulaires afin de servir de messagers intercellulaires. Leur role est de

controler, d’induire ou d’inhiber la réponse immunitaire (Secombes et al., 2001).

De multiples marqueurs peuvent étre utilisés pour analyser le fonctionnement du
systtme immunitaire en présence de xénobiotiques : proportion des différentes types
cellulaires, de leucocytes, niveaux de protéines et enzymes détectés dans le plasma
(cytokines, lysozyme ou encore lectines), capacité de phagocytose des cellules, niveau de
production d’especes réactives de 1’oxygene, résistance face a un pathogene,...(Dunier and
Siwicki 1993; Zelikoff 1998). En complément de I’analyse du C3 et du TNF-R par
expression de genes, nous avons choisi de nous intéresser plus particulierement a I’impact de
la pollution sur la réponse immunitaire non spécifique a médiation humorale, par 1’analyse

des lysozymes, et a médiation cellulaire, par I’étude de la phagocytose.

4.4.2 Le C3etle TNF-R

Le systtme du complément, souvent appelé¢ simplement complément, a un role
important dans le systétme immunitaire inné¢ et fait intervenir environ 35 protéines
membranaires ou soluble (Holland et Lambris, 2002). Les fonctions du complément sont
multiples : il participe a la lise des pathogenes, a la réaction inflammatoire, il peut stimuler la
phagocytose ou encore participer a la modulation de la production d’anticorps (DeFranco,

Robertson et Locksley, 2009). Trois voies d’activation du complément existe chez les
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humains et ont été retrouvées chez les poissons : la voie classique, la voie alterne et la voie
des lectines (Figure 6) (Holland et Lambris, 2002). La composante C3 du complément est la
protéine centrale du systéme du complément puisque les 3 voies vont conduire a son
activation (Qi ef al., 2011). Récemment des travaux sur des souris C3-déficiente suggerent
I’existence d’une 4°™ voie: la thrombine, une molécule impliquée dans la voie de
coagulation, pourrait générer des C5a (Amara et al., 2008; Huber-Lang et al., 2006). Les
poissons sont assez uniques dans le sens ou pour une méme espece, plusieurs isoformes d’un
méme composant peuvent exister. Ainsi Sunyer et al. (1997) ont identifié chez la dorade

royale (Sparus aurata) 5 isoformes du Complement C3.

Classical and Lectin Pathways Alternative Pathway

@ [ annan Tick-over activation —ye

‘?HZO)

c2 Surface-bound C3(H,0)

(.‘g{ Cis Factor B
=
Fnctor D
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Antigen

presentati% S : CTIVATING SURFACE \ ¢
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y convenasefc-'il b C555
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convertase Leukocyte chemotaxis

Leukocyte
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B lymphocyte e 9 \ C5b,C6,C7,C8,C9 (MAC) TNF, IL-1, IL-6 ,IL-8 production
Co-ligation of mig and Q@ Phagocytosis _\\\4 I Elilry,
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% ivati Antigen uptake
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Figure 6 : Schéma des 3 voies d’activation du systéme du complément et fonctions impliquées (Boshra, Li
et Sunyer, 2006)

Le TNF-o appartient a la famille des cytokines. Ces dernic¢res sont des protéines

produites par de nombreuses cellules immunitaires et qui ont pour rdle de contrdler : (1)

I’intensité et la durée de la réponse immunitaire et (2) certains processus de différenciation et

proliférations tissulaires (DeFranco, Robertson et Locksley, 2009). Le TNF doit son nom a
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ses effets cytotoxiques sur les cellules tumorales. La séquence du TNF-a n’ayant pas encore
était identifiée chez nos especes modeles, nous avons choisis d’étudié¢ 1’expression du TNF-R
qui est le récepteur membranaire du TNF (Smith, Farrah et Goodwin, 1994). Le TNF-R
intervient dans la régulation de I’apoptose et de I’inflammation (Wiens et Glenney, 2011). La
mesure de son expression permet indirectement d’évaluer la modulation du systéme du TNF.
Si une modulation de I’expression du TNF-a n’est pas forcement associée a une modulation
de I’expression de son récepteur, on peut tout de méme supposer qu’une modulation du TNF-

R suggere une modulation du systéme du TNF dans son ensemble.

Il a été¢ démontré que, parmi les multiples éléments intervenant dans la réponse
immunitaire, certains d’entre eux pouvaient étre modulés par la présence de contaminants
(Bols et al., 2001a). Des bars communs, Dicentrarchus labrax, soumis a une contamination
ponctuelle forte aux hydrocarbures ont montré une surexpression du TNFa mais pas de
modulation de I’expression du C3 (Bado-Nilles, 2008). D’autres ¢études ont montré sur la
méme espece une modulation de la voie alterne du complément en présence de HAPs (Bado-
Nilles et al., 2009; Danion et al., 2011b). L’expression du géne C3 semble elle aussi modulée
par la présence de polluants. Par exemple Holth et al. (2010) observent une sur-expression du
C3 chez la morue Atlantique, Gadus morhua, exposée a des eaux contenant des HAPs.
L’expression de ces genes pourrait donc devenir de bons marqueurs d’exposition a des HAPs.
De plus, si les polluants peuvent agir sur le systéme immunitaire, a I’inverse le systéme
immunitaire pourrait avoir un effet sur les phénomenes de détoxication (e.g. CYPIA).
Reynauld er al. (2005) observent que I'injection de cytokines (TNF et interleukin 1) inhibe la
réponse EROD chez des carpes, Cyprinus carpio, contaminées au HAPs. Ainsi la mesure de
I’expression du TNF-R pourrait aider a comprendre le lien qui existe entre le systéme

immunitaire et les phénomeénes de détoxication.

4.4.3 Dosages du lysozyme

Le lysozyme est une enzyme présente notamment dans les lysosomes des neutrophiles
et macrophages, libérée dans le sang. Il intervient dans la destruction des bactéries gram
positif, avec un effet moindre sur les bactéries gram négatif, en s’attaquant au
peptidoglycane présent dans la membrane de ces cellules (Skouras et al. 2003). Il va ainsi
provoquer une lyse cellulaire. Des études ont montré que I’activité du lysozyme était sensible
a la présence de contaminants dans 1’environnement (Bols et al., 2001a). Cette activité est

stimulée chez la truite arc-en-ciel, Oncorhynchus mykiss, lors d’une contamination aux
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métaux lourds tels que le cadmium et le zinc (Sanchez-Dardon et al. 1999), ainsi que pour
Paralichthys olivaceus en présence de phénanthréne (Jee, Kim et Kang, 2004) ; a I’inverse
une diminution de cette activité a été observée chez la carpe, Cyprinus carpio, face a une
contamination aux pesticides (Dunier, 1996). Les mécanismes expliquant ces différences de

réponses selon le type de contamination restent a définir.

4.4.4 Capacité de phagocytose

La phagocytose est I’'un des mécanismes clef du systéme immunitaire. Elle se déroule
en plusieurs étapes (Figure 7). Dans un premier temps le microorganisme est reconnu par les
phagocytes par chimiotactisme ; une cellule immunitaire va alors y adhérer. Des pseudopodes
vont ensuite englober totalement le corps étranger jusqu’a ce qu’il soit internalisé puis

égradé entrainant la formation d’espéces réactives de 1’oxygéne.
d dé ent t la fi tion d’ t del’
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Figure 7 : les différentes étapes de la phagocytose ( adapté de Bado-Nilles (2008))

Il a été démontré a de multiples reprises, qu’en présence de polluants, la capacité de
phagocytose des macrophages pouvait étre diminuée. Par exemple des plies canadiennes,
Hippoglossoides platessoides, ont été mises en contact avec des sédiments contaminés,
notamment aux PCBs, pendant 3 mois (Lacroix ef al., 2001). Dés le premier mois il apparait
que les macrophages des poissons exposés ont des capacités de phagocytose plus faibles que
ceux des poissons non exposés. De plus, les poissons ont ensuite été remis dans un milieu
sain durant un mois. Apres cette période de récupération, les mesures ont montré que, si les

capacités de phagocytose des macrophages avaient augmenté, elles n’étaient pas encore
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équivalentes a celles des poissons non exposés. A travers cette expérience, il apparait que la
présence de contaminants peut avoir un effet a long terme sur le systéme immunitaire, et peut
donc perdurer apres la fin de la contamination ; cette perturbation parait étre cependant

réversible (Weeks et al., 1986).

4.5 Mécanismes de détoxication

4.5.1 Ethoxyresorufin-O-deethylase, EROD

L’activit¢ EROD est dépendante du cytochrome P450 (plus particuliérement du
CYPIA cité précédemment) qui est un systéme protéique de la membrane cellulaire (Burgeot
et Ménard, 2004). La mesure de I’activit¢ EROD est un biomarqueur qui fait I’objet d’une
norme ISO (ISO/TS 23893-2:2007). L'activit¢ EROD est trés souvent considérée comme un
bon marqueur d'exposition aux contaminants, son induction ayant été¢ démontrée chez plus de

150 especes de poissons (Whyte et Jung, 2000).

Une augmentation d’activit¢ EROD a été mise en évidence chez le flet en présence de
différents contaminants organiques de types PCBs (Besselink et al. 1996) et HAPs (Kirby et
al. 2007; Malmstrom et al. 2004), de méme que pour le poulamon (Couillard et al., 2005).

L'évaluation de I’activit¢ EROD est complémentaire de la mesure de 1’expression du
gene CYP1A. Des mesures en parallele d’activité EROD et d’expression du CYP1A n’ont
pas mis en évidence de fortes corrélations entre ces 2 approches (George et al., 2002;
Kammann et al., 2008); néanmoins, l'induction de ces deux biomarqueurs est globalement

confirmée pour les HAPs et certains PCBs.

4.5.2 Meétallothionéine

La métallothionéine (MT) est une protéine qui joue un réle important dans la protection
contre les effet toxiques des métaux lourd (George et Olsson, 1994). La liaison de MTs avec
les métaux a pour fonction de séquestrer ces métaux et ainsi de protéger la cellule (Klaassen,
Liu et Choudhuri, 1999). Des études ont ainsi montré que la concentration en MTs pouvait
étre augmentée en présence de cadmium, cuivre, zinc, mercure, colbalt, nickel ou encore
argent (George et Olsson, 1994; Hagger ef al., 2006; van der Oost, Beyer et Vermeulen,
2003).
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4.6 Meétabolisme énergétique

Le taux d’activité métabolique d’un organisme, refléte la quantité d’énergie qu’il
produit pour assurer ses fonctions vitales ; cette activité peut étre considérée en tant que
biomarqueur représentatif du statut physiologique d’un poisson (Plante et al., 2005). En
présence de xénobiotiques, de nombreux mécanismes physiologiques sont mis en place : pour
maintenir ’homéostasie, pour la détoxication, la protection et/ou la réparation des cellules ;
tous ces processus nécessitant de I’énergie. L’évaluation de cette production énergétique
globale, permet donc d’estimer le colit du maintien des fonctions vitales et de la réponse au

stress (Beyers et al., 1999).

La respiration est une source de production d’énergie essentielle sous forme d'ATP,
particulierement pour les vertébrés. Elle peut donc étre mesurée afin d’évaluer les besoins
globaux d’un organisme en énergie. Des mesures de consommation en oxygene sur un animal
entier (par respirométrie) ont montré une augmentation du taux d’activité métabolique des
poissons en présence de contaminants (Beyers et al., 1999). Néanmoins cette mesure doit étre
réalisée sur des poissons vivants, au repos, et présentant un estomac vide ; elle est donc

difficilement mesurable dans les milieux naturels.

C’est pourquoi des indicateurs du métabolisme énergétique pourraient étre utilisés
comme biomarqueurs. La Cyctochrome C Oxydase (CCO) est ’enzyme terminale de la
chaine respiratoire mitochondrial et est responsable de 90% de la consommation en oxygene
des cellules chez les mammiferes (Xu, Charles et Moncada, 2005). La mesure de 1’activité de
la CCO pourrait donc étre un bon indicateur du métabolisme aérobie (Lapointe et Couture,
2010). Des études ont montré que la présence de polluants comme le nickel ou du pétrole
dispersé pouvait étre associée a une augmentation de I’activité de la CCO; ces expériences
suggerent donc que I’exposition a des xénobiotiques peut entrainer un colit physiologique

conséquent (Cohen, Gagnon et Nugegoda, 2005; Lapointe et Couture, 2010)

4.7 Indices de condition

Tout comme le métabolisme énergétique, 1I’étude des indices de condition permet
d’évaluer le statut physiologique général d’un individu. Les rapports gonadosomatique RGS
(GSI "gonadosomatic index") et hépatosomatique RHS (HSI "hepatosomatic index") mettent
en évidence respectivement I’importance des gonades et du foie relativement au poids de la

carcasse d’un individu. Ils sont calculés par les formules suivantes (Kleinkauf et al. 2004):
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poids des gonades

RGS= *100

poidsde la carcasse

RS = poids du foie £100

poidsde la carcasse

Le RGS refléte 1’état de maturation sexuelle des poissons et varie donc de maniére
saisonnicre avec le cycle de reproduction. Le foie joue un role important dans les processus
de détoxication, aussi une augmentation du RHS peut étre détectée lors d’une contamination
forte aux PCBs ou dioxines (Grinwis et al. 2000; Grinwis et al. 2001). Néanmoins le RHS
peut aussi subir des variations saisonniéres liées a la reproduction (Kleinkauf et al. 2004) ; i.e.

au stockage — déstockage de réserves.
L’indice de condition somatique (CF) est calculé est calculé selon la formule suivante :

poids

CF = *100

taille

On considere, qu’a taille égale, un individu plus maigre sera considéré a priori comme
un poisson présentant une moins bonne condition physiologique (Froese, 2006). Pour des
organismes de méme sexe, a une méme période de ’année, I’indice de condition somatique
peut montrer des différences entre des sites contaminés et non contaminés (Kleinkauf et al.
2004). Néanmoins, les variations de ce parametre peuvent étre lices a la présence de
contaminants mais également aux conditions hydro-climatiques spécifiques des sites
¢chantillonnés (température, salinité, disponibilité en oxygene,..), comme a la disponibilité en
nourriture. Plus largement ce parametre CF peut aussi €tre fortement li¢ a la période de
I’année, a I’age ou encore au sexe des poissons. De multiples facteurs pouvant affecter cet
indice de condition somatique, il faut donc le considérer avec une certaine précaution en

¢cotoxicologie (Gilliers, Amara et Bergeron, 2004).

Au final, I'utilisation conjointe de tous ces biomarqueurs doit nous permettre d’analyser
de fagon approfondie la réponse des populations de poissons face aux stress chimiques, a

différentes échelles de temps et a différents niveaux d’organisation biologique (Figure 5).

4.8 Approche protéomique 2D

Les approches protéomiques ont pour objectif d’étudier le protéome (c’est-a-dire

I’ensemble des protéines) d’un organisme, d’un organe ou d’un tissu. Parmi ces approches, la
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protéomique 2D est celle qui est le plus utilisée actuellement en écotoxicologie. Cette
approche consiste a extraire les protéines puis a utiliser des techniques d’électrophorese en 2
dimensions pour les séparer en fonction de leur point isoélectrique, puis de leur masse. Le
profil protéique de 1’organe étudié est ainsi obtenu sous la forme d’un gel ou chaque « spot »
correspond normalement a une protéine et dont I’intensité dépend de I’abondance de cette
protéine (Figure 8). Les protéines sont ensuite identifié par spectrométrie de masse (Sanchez,
Ralston-Hooper et Sepulveda, 2011). Il s’agit d’une approche sans a priori, qui présente donc
I’avantage de ne cibler aucune fonction ou voie métabolique particuliere (Dowling et
Sheehan, 2006). Il est ainsi possible d’obtenir le profil protéique de poissons dans des
situations contrastées. Par exemple, la protéomique 2D peut aider a comprendre les voies
métaboliques mis en jeux lors d’une infection (en comparant le protéome d’individus sains et
infectés), durant le développement larvaire (en comparant le protéome de larves a différent
stade de développement) ou lors d’une contamination (en comparant des individus
contaminés et non contaminés) (Tomanek, 2010). Ce type d’approche protéomique se
développe de plus en plus en écotoxicologie et permet d’étudier les mécanismes de réponse
des organismes aux polluants, aussi bien en conditions expérimentales que naturelles (Lemos

et al., 2010; Sanchez, Ralston-Hooper et Sepulveda, 2011)
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Figure 8. Exemple de gel 2D obtenu a partir d’un foie de flet.
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Dans ce travail de thése, la réponse du flet au stress chimique a été étudiée au cours
d’une contamination expérimentale (chapitre 2) et sur des populations naturelles plus ou
moins polluées (chapitre 3). Lors de ces approches, parallélement aux investigations sur les
biomarqueurs présentées dans les chapitres précédemment cité, une étude par protéomique
2D a été réalisée sur les mémes poissons, dans le cadre de la thése de Claire Galland. Cette
approche protéomique pourrait donc apporter des informations complémentaires,
relativement aux explorations sur les biomarqueurs (chapitres 2 & 3); c’est pourquoi les 2
publications en protéomique de Claire Galland, ou je suis co-auteur, ont été placées en

annexe 1 et 2.

5 OBJECTIFS DE L’ETUDE

L'objectif principal de cette thése est d'améliorer notre compréhension sur la réponse de
poissons estuariens soumis aux stress chimiques, en conditions naturelles et au cours de stress

expérimentaux, en intégrant différents niveaux d’organisation biologique.
Nos objectifs spécifiques sont ici:

— I'évaluation de I’impact d’une contamination expérimentale par un cocktail de
polluants (HAPs & PCBs) sur une durée de 1 mois, suivie par une phase de
décontamination;

— I’analyse de différents biomarqueurs dans des milieux naturels plus ou moins
contaminés, afin d'identifier leur pertinence en écotoxicologie;

— la recherche de liens entre les réponses du poisson au stress chimique, en
intégrant les niveaux moléculaire, cellulaire, individuel,

— la comparaison des réponses de deux espéces sentinelles estuariennes
classiquement ¢étudiées de part et d'autre de 1'Atlantique, le flet (P. flesus) en
France et le poulamon au Québec (M. tomcod), afin d'identifier les convergences

ou divergences dans la réponse de ces deux poissons face aux stress chimiques.
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Chap. 2 : Réponses du flet en présence d'un mélange complexe de HAPs et PCBs en conditions expérimentales

1 INTRODUCTION

Le flet est une espéce sentinelle qui a fait I'objet de nombreuses ¢études
¢cotoxicologiques, aussi bien en conditions expérimentales que naturelles. Sur le terrain, si
un biomarqueur peut étre modulé par la pollution, de nombreux facteurs confondants peuvent
¢galement altérer cette réponse : saison, température, salinité, hypoxie, etc. (van der Oost,
Beyer et Vermeulen, 2003). Les expériences de contaminations en conditions contrdlées
permettent de s’affranchir de la plupart de ces facteurs et ainsi de dissocier la variabilité
naturelle d’un biomarqueur (le bruit), de la variabilité induite pas le stress chimique (le

signal).

Le premier travail de cette thése a donc consisté a étudier en conditions expérimentales
la réponse du flet face a une contamination complexe de HAPs et PCBs. Les objectifs de

cette étude étaient :

- d’évaluer chez le flet, le niveau de base de plusieurs biomarqueurs liés a I’immunité,

au métabolisme €nergétique et aux dommages a I’ADN,
- d’étudier la réponse de ces biomarqueurs & une contamination aux HAPs et PCBs.

Les parametres immunitaires sont parfois considérés comme des biomarqueurs peu
efficaces et donc peu utilisés, car ils ne sont pas spécifiques de certaines familles de
polluants, et peuvent répondre en fait a de multiples perturbations (van der Oost, Beyer et
Vermeulen, 2003). Ce sont tout de méme des marqueurs pertinents du fait de leur grande
importante €cologique, une altération du systéme immunitaire pouvant favoriser les
infections et conduire a la mort des individus (e.g. Danion et al., 2012a; Dautremepuits et al.,
2004).. Dans cette étude, nous avons évalué dans quelle mesure 4 biomarqueurs immunitaires
pouvaient étre modulés par la présence de contaminants : ’expression des génes C3 et TNF-

R, la quantité de lysozyme et la capacité de phagocytose.

L’effet génotoxique des contaminants a été évalué par la mesure du test des cométes.
La mesure de I’expression du gene CYP1Al nous a donné des indications sur les
mécanismes de biotransformation. La mesure de I’activit¢é de la CCO (Cytochrome C

Oxydase) a été ici considérée comme un proxy du métabolisme énergétique.

L’¢étude en protéomique 2D réalisée lors de cette expérimentation a montré que
différentes voies métaboliques étaient mise en jeux chez les poissons contaminés (annexe 1).

L’étude du protéome indique une dérégulation du niveau d’accumulation de différentes
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protéines impliquées dans le métabolisme énergétique (NDPK, MDH), les défenses
antioxydantes (GST, GPx, CAT) et le métabolisme de la méthionine (SHMT, BHMT). Afin
de confirmer ces résultats, et de mieux comprendre les mécanismes mis en jeux, nous avons
choisi d’étudier I’expression du gene de la BHMT. L’objectif étant d’évaluer si
I’augmentation de la quantité de protéine BHMT chez les poissons contaminés, était

accompagnée d’une sur-expression du géne correspondant.

Le mélange de multiples contaminants peut conduire dans le milieu naturel a un « effet
cocktail ». C’est-a-dire que le mélange des molécules peut produire des effets synergique ou
antagoniste. Plutdt que de tester un seul contaminant, nous avons choisi de contaminer nos
poissons avec un mélange de 9 HAPs et 13 PCBs afin de prendre en compte cet effet
cocktail. De plus, afin de s’approcher au mieux des conditions naturelles, la contamination a
été réalisée par I'intermédiaire de la nourriture. Des granulés ont été imprégnés d’une

solution de 9 HAPs et 13 PCBs a deux concentrations :

- une concentration C1 similaire a celle que on peut trouver dans I’estuaire de la
Seine, dans les sédiments (pour les HAPs) et dans les poissons (pour les PCBs)

- une concentration C2, 10 fois supérieure a C1.

Le protocole de prélevement est détaillé dans le Tableau 1. La contamination a duré 29
jours, suivis par 14 jours de récupération ; 10 poissons sont prélevés pour chacune des
conditions : controle (Ctl), C1 et C2. L’expérience est réalis¢ en duplicata, dans 1’'un des
duplicata les contrdéles sont des poissons nourris de granulés imprégnés d’iso-octane (le
solvant ayant servi a la dissolution de HAPs et PCBs) et dans le second duplicata, les
contrdles sont des poissons nourris de granulés normaux. Les mesures réalisées n’ont pas mis
en évidence de différence de réponse des poissons entre les deux duplicatas pour une
condition donnée, les résultats des témoins (avec et sans iso-octane) ont donc était regroupés

pour chaque temps.

Tableau 1. Nombre de poissons prélevés pour chaque temps et chaque condition lors de ’expérience de

contamination.
Ave?nt . Contamination 4semaines récupére.ltion 2
contamination semaines toto par bac
t0 14 jours 29 jours 43 jours
Ctl isooctane 10 10 10 40
C1 10 10 10 10 30
C2 10 10 10 30
Ctl 10 10 10 40
C1 10 10 10 10 30
C2 10 10 10 30
Préléevement to 2x14 poissons  2x38 poissons  2x54 poissons  2x30 poissons 200
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2 RESULTATS ET DISCUSSION

L’ensemble des résultats est présenté de maniere synthétique dans le Tableau 2. Une
analyse en composante principale (ACP) a également été réalisée afin d’appréhender la
variabilité inter-groupe (contrdle / exposé a C1 /exposé a C2), en prenant en compte tous les
marqueurs aprés 14 jours et 29 jours de contamination. Les résultats de capacité de
phagocytose ne sont pas présentés dans I’article qui suit, car aucune différence n’a été

détectée pour ce biomarqueur entre les poissons contrdles, et ceux exposés a C1 ou C2.

Tableau 2. Récapitulatif des résultats des différents biomarqueurs et indicateurs utilisés au cours de cette
étude. Phago=capacité de phagocytose, dommages=dommages a I’ADN, indiv.=individu, reins a.=reins
antérieur ou pronéphros, érythro.=érythrocytes, cyto=cytométrie, activ.=activité enzymatique par mesure
d’absorbance ou de luminescence, ref. correspond a la valeur de référence pour les comparaisons, un ++
ou - - signifie que la valeur est plus de 2 fois supérieure ou inférieure a la valeur de référence.

e . ) o indices de
L 3 ADN detoxification systeme immunitaire metabo. .
indice mesuré condition
dommages CYP1A1 BHMT phago. lysozyme C3 TNF-R [e(e(0) CF
organe sang érythro. foie foie reinsa. sangserum foie foie muscle indiv.
technique comet assay RT-PCR RT-PCR cyto. activ. RT-PCR RT-PCR activ. indice
conditions expé.
t0 Ctl ref. ref. ref. ref. ref. ref. ref. ref ref
t14 Ctl 0 0 0 0 0 0 0 0 0
Cc1 0 0 0 0 - 0 0 0 0
C2 0 0 0 0 - 0 0 0 0
t29 Ctl 0 0 0 0 0 0 0 0 0
C1 0 0 0 0 - + 0 0 0
C2 + ++ + 0 - ++ + 0 0
t43 Ctl 0 0 0 0 0 0 0 0 0
c1 0 0 0 0 0 0 0 0 0
C2 0 + ++ 0 0 0 0 0 0

Des dosages chimiques de PCBs réalisés par Véronique Loizeau (IFREMER-Brest)
dans les carcasses de flets aprés 29 jours de contamination, confirment que la contamination
par I’alimentation est efficace. Le niveau de contamination dans les tissus est proche de celui
attendu ; il y a bien un facteur proche de 10 entre les niveaux de contaminations pour les
poissons C2 / poissons Cl. Par ailleurs, la prise de poids (SGR) est corrélée avec la
concentration en contaminants dans la condition C1 (confirmant qu’un poisson qui mange

plus est plus contaming).

Le cocktail a un niveau C2 entraine une sur-expression des génes CYP1A1 et BHMT
aprés 29 jours de contamination ; cette induction est maintenue aprés les 14 jours de
restauration. L’induction de ces deux geénes peut s’expliquer par la mise en place de

processus de détoxication. De plus, 1’étude en protéomique 2D a démontré, aprés 29 jours de
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contamination a un niveau C2, une augmentation de I’abondance de la BHMT et de la
SHMT, 2 protéines impliquées dans le métabolisme de la méthionine. Cette augmentation
pourrait étre associée a une augmentation des défenses anti-oxydante (GPx) et suggere que la
BHMT et de la SHMT seraient impliquées dans un cycle aboutissant a la production de

glutathion (annexe 1)

Le maintien de la sur-expression des génes CYP1A1l et BHMT apres la phase de
restauration peut indiquer que des PCBs ou des métabolites de HAPs sont encore présents
dans les poissons en quantités suffisantes pour induire des processus de détoxication. Pour
confirmer cette hypothése, Véronique Loizeau va réaliser, en janvier 2013, des dosages
complémentaires de PCBs dans les carcasses des poissons contaminés a un niveau C2 a 43

jours.

Apres 29 jours de contamination a un niveau C2, le niveau de dommages a I’ADN sont
significativement plus élevés et corrélés avec le niveau d’expression du CYP1A1 (R=0.964,
p<0.05). Cela suggere que la production de métabolites des HAPs pourrait conduire a une
augmentation des dommages a I’ADN (Lee et Steinert, 2003). De plus, I’approche en
protéomique a mis en évidence une augmentation des défenses anti-oxydantes qui pourrait
étre associée a la présence de ROS, ces derniers pouvant ¢galement entrainer des dommages
a P’ADN (Lee et Steinert, 2003). L’absence de dommages a I’ADN a 43 jours suggere que le
niveau de métabolites et/ou de ROS est passé¢ en dessous de la limite qui entraine une

génotoxicité mesurable par le test des cometes.

Les marqueurs immunologiques sont nettement affectés par la pollution, mais leurs
réponses demeurent complexes a analyser. Ainsi le C3 et le TNF sont induits en présence de
polluants apres 29 jours a un niveau C2, alors qu’a I'inverse, la quantité de lysozyme est
diminuée dés 14 jours de contamination a un niveau Cl. Le systéme du complément et du
TNF sont tous deux impliqués dans la réponse inflammatoire. Les polluants chimiques sont
connus pour entrainer une inflammation chez les poissons (e.g. Pacheco et Santos, 2002), qui
pourrait donc expliquer cette induction de C3 et TNF-R. Le lysozyme, quant a lui, est
impliqué dans la lyse des bactéries ; aussi, une diminution de sa quantité suggere un effet
immunotoxique des contaminants. De plus le lysozyme est le plus sensible des marqueurs
immunitaires analysés dans cette étude, puisqu’il est modulé deés le niveau C1 a 14 et 29

jours.

Le niveau de contamination C1 n’induit aucune réponse en protéomique, relativement

a la condition contrdle ; de plus, parmi les biomarqueurs mesurés, seuls 2 parameétres
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immunitaires sont modulés par le niveau de contamination C1 équivalent a celui de la Seine
(le lysozyme a 14j et 29j et le C3 a 29j). Pourtant plusieurs études ont observé sur des
poissons en baie de Seine des dommages a I’ADN ou I’induction du CYP1A1 (e.g. Akcha,
Vincent Hubert et Pfhol-Leszkowicz, 2003). Cette absence de réponse en situation
expérimentale peut s’expliquer par la courte durée de la période de contamination (seulement
Imois) et par I’absence de certaines substances dans notre cocktail. En effet, le mélange de
HAPs et PCBs dont les effets sont explorés au laboratoire, ne peut évidemment pas simuler la

complexité du mélange de polluants en Seine.

L’Analyse en Composantes Principales permet d’identifier les grandes tendances
dans les réponses des biomarqueurs apres 14 jours et 29 jours d’exposition. Apres 14 jours de
contamination, I’ACP met en évidence une structuration majoritairement liée a des
différences intra-condition, avec 2 types de réponses particulierement observées chez les
poissons contaminés a un niveau C2 : des poissons avec un métabolisme actif (niveaux élevés
pour lysozyme, CCO, BHMT et CYP1Al) et d’autres avec un métabolisme plus lent
(niveaux plus bas pour les biomarqueurs précédents, mais taille et croissance des poissons
plus fortes). Seuls les dommages a I’ADN semblent liés a une différence inter-conditions.
Apres 29 jours de contamination, la structuration est différente, les différences inter-
conditions deviennent prédominantes ; les poissons les plus contaminés présentent alors un
fort niveau de dommage a I’ADN et un niveau d’expression plus élevé pour le CYP1Al et le

TNF-R qui sont par ailleurs corrélés.

Pour conclure, cette expérience montre que les marqueurs employés sont bien modulés
par la présence de contaminants dans notre situation expérimentale. Méme si la réponse du
systeme immunitaire reste complexe, il est clairement impacté par le stress chimique. Par
ailleurs, I’existence d’un lien entre le CYP1ALl et les dommages a I’ADN est confirmée dans
cette expérience. Les approches futures de contaminations expérimentales chez le flet devront
aussi prendre en compte les marqueurs du stress oxydant, ainsi que la mesure des métabolites
des HAPs, pour mieux explorer les liens fonctionnels entre : la bioaccumulation, la
biotransformation, les réponses immunitaires et les différents dommages cellulaires

(génotoxicité, péroxidation lipidique,...).
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En préparation
ABSTRACT

A multibiomarker approach was developed to evaluate the juvenile European flounder
responses to a complex mixture of 9 PAHs and 13 PCBs. To further mimic field conditions,
exposure was performed through contaminated food pellets displaying: (1) similar PAHs and
PCBs levels to those detected in the heavily polluted Seine estuary, respectively in sediment
and in flatfish and (2) 10 times this concentration. Several biomarkers of the immune system
(lysozyme concentration and gene expression of complement component C3 and TNF-

receptor), DNA damage (comet assay), energetic metabolism (activity of Cytochrome C
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oxidase), detoxification process (Cytochrome P450 1A1 expression level: CYP1A1; betaine
homocysteine methyl transferase expression level: BHMT) were investigated after 14 and 29
days of contamination, followed by a 14 days recovery period. After 29 days of
contamination, the detoxification activity (CYP1A1l expression level) was positively
correlated with DNA damages; the increase of the BHMT expression level could be also
associated to the detoxification process. Furthermore, after the recovery period, some
biomarkers were still up-regulated (CYPIA1l and BHMT expression levels). The immune
system was significantly modulated by the chemical stress at the two concentration levels and

the lysozyme seemed to be the more sensitive marker to the mixture of contaminants.

Keywords: mixture of contaminants, fish, immunotoxicity, DNA damages, lysozyme,

C3, TNF, BHMT

1 INTRODUCTION

The European flounder (Platichthys flesus) is considered as a pertinent sentinel species
for water quality monitoring in coastal marine systems (SGIMC 2011); thus, numerous
studies have assessed the biological effects of contaminants on natural populations of P.
flesus (e.g. Evrard et al., 2010a; Vethaak, Jol et Martinez-Gomez, 2011). In field studies,
contaminant load and responses from the subcellular (e.g. molecular responses, DNA
damages, etc.) to the organism level (e.g. growth, disease occurence, etc.) are nowadays
frequently assessed in order to explore possible cause-and-effect relationships between
chemical stress and biological responses; this integrative approach on the flounder responses
in estuaries being sometimes efficient to diagnose the general level of chemical stress
(Laroche et al., 2012; Williams et al., 2011), However, complementary studies must be
conducted in laboratory to better explore the natural variability (noise) vs the contaminant-

induced stress (signal) for numerous biomarkers, in the context of mixtures of pollutants.

The aquatic environments can be affected by complex mixtures of chemicals, including
polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), heavy metals,
pesticides, endocrine disrupting chemicals... The safety levels of theses contaminants are
based on single substance exposure studies; however when present in a mixture, a

contaminant can be more or less toxic, because of possible chemical interaction between
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toxics, commonly called "a cocktail effect" (Celander, 2011). Thus in different mixtures,

contaminants can produce synergistic or antagonistic effects on the exposed organisms.

The present study is exploring 1) the baseline of several biomarkers linked to
immunity, metabolic rate and DNA damages, and 2) their responses for flounders exposed to
a mixture of PAHs and PCBs in experimental conditions. A cocktail of 9 PAHs and 13 PCBs
commonly observed in the field was prepared. To further mimic field conditions, exposure
was performed through contaminated food pellets displaying for one experiment similar
PAHs and PCBs levels to those detected in the heavily polluted Seine estuary, respectively in
sediments (Cachot et al., 2006) and in flatfish (Abarnou et Duchemin, 2008; Loizeau et
Abarnou, 1995).

Flounders were contaminated by the pellets during 29 days, then fed with
uncontaminated food for a 14 days recovery period. Immune markers were analyzed during
this experiment: lysozyme activity and gene expression of complement unit 3 (C3) and
Tumor Necrosis Factor Receptor (TNF-R). Contaminants may modulate the immune system
by immunosuppression, autoimmunity reactions or hypersensitivity responses (Zelikoff,
1998). Immune parameters can be modulated by many stressors and thus are not considered
as specific markers (van der Oost, Beyer et Vermeulen, 2003); however, immuntoxicologic
approaches appear very pertinent in ecotoxicology because alterations of the immune
functions may conduct to an increased fish susceptibly to parasites and thus to a lower fitness

(e.g. Danion et al., 2012a; Dautremepuits et al., 2004).

The Lysozyme is an enzyme of the innate immune system, playing a role in protection
against microbial invasion (Lie ef al., 1989). The lysozymes show lytic activity against gram-
positive et gram-negative bacteria and play a role in the activation of complement sytem and
phagocytes (Saurabh et Sahoo, 2008). Serum lysozyme level is sensitive to environmental
contaminants and is a measured on the serum (easy and inexpensive analysis); thus, the
lysozyme level could be a convenient parameter for monitoring the impact of pollutants (Bols

et al., 2001b).

Furthermore, the expression level of two genes (C3 and TNF-R) was also measured in
flounder liver. The Complement C3 is a central protein involved in both classical and
alternate pathways of complement (Rehana et Kini, 2008). Complement system is implicated
in modulation of phagocytosis, lysis of cells and the inflammatory response (Boshra, Li et
Sunyer, 2006; Ye et al., 2011). A modulation of C3 mRNA expression was observed in fish

after a long-term exposition or between fish living in contrasted habitats; thus several studies
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observed an induction of C3 mRNA by the pollutants (Holth et al., 2010; Straub et al., 2004).
On the other hand, Williams et al (2003) showed a down-regulation of C3 mRNA in

European flounders living in a contaminated estuary.

The tumor necrosis factor (TNF) and its cellular receptor (TNF-R) are protein
implicated in cellular signaling pathways involving inflammation, apoptosis, necrosis,
lymphocyte homeostasis (Smith, Farrah et Goodwin, 1994; Wiens et Glenney, 2011). The
TNF-alpha is a TNF that could also modulate the biotransformation process by the down
regulation of Cytochrome P450 activites in fish (Reynaud et al., 2005). Moreover, Bado-
Nilles et al. (2011) observed an up-regulation of TNF-alpha on European seabass,
Dicentrarchus labrax, after 7 days of exposure with light cycle oil. No sequence of TNF-
alpha being known on the European flounder, thus we decided to study the expression of the

corresponding cell-surface receptors (TNF-R).

The molecular responses to the chemical stress were also analyzed in flounder liver
considering the expression level of two genes: the betaine homocysteine S-methyltransferase
(BHMT) and the Cytochrome P450 1A1 (CYP1A1). BHMT is an enzyme implicated in the
regeneration of methionine by remethylation of homocysteine. Induction of BHMT was
underlined in several studies on the flounder responses to contaminants in experimental
context and in the field which suggest that BHMT could be involved in detoxification process
(Evrard et al., 2010a; Marchand et al., 2006). CYP1Al has an important function in the
biotransformation of many xenobiotics (Sarasquete et Segner, 2000). Induction of flounder
mRNA CYPIAI by the pollutants was also demonstrated in laboratory and in the field
(Eggens et al., 1996; Evrard et al., 2010a). Moreover, studies suggest that the immunotoxic
effects of contaminant could be induced by the upregulation of CYP1A1l (Carlson, Li et
Zelikoff, 2004)

The flounder cellular responses to the chemical stress were also considered in this study
by the estimation of DNA damage level in erythrocytes, by the comet assay. This test
determines the level of DNA single-strand breaks in cells. Several studies underlined the
pertinence of this test to assess the genotoxic effects of some contaminant like PAHs on fish

tissues (e.g. Costa et al., 2008; Devaux et al., 1998; Flammarion et al., 2002)

Lastly, the Cytochrome C Oxidase (CCO) activity was measured in fish muscle. CCO
is the terminal enzyme of electron transport chain of the mitochondria (Complex IV); this
aerobic enzyme may constitute an excellent proxy of the fish metabolic capacity (Cohen,

Gagnon et Nugegoda, 2005; Pelletier et al., 1994).
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The major objective of the present study is to integrate the molecular, cellular and
physiological responses of the flounder to the food contamination with a mixture of PAHs
and PCBs, during a one month period, followed by a recovery period where the reversibility

of the different markers will be explored.

2 MATERIALS AND METHODS

2.1 Experimental design

Juveniles of P. flesus (cohort 0+) were purchased in a farm (Fishlab, Denmark) in
october (2010), then reared in our laboratory in experimental tanks, the water being directly
collected in the Bay of Brest (salinity = 35¢g/l, 14°C < temperature < 17°C). After a 14 days
acclimation period to the laboratory conditions, several fish groups were contaminated
through food; pellets were soaked in a mixture of pollutants dissolved in iso-octane (Tablel),
designed to reflect the PAHs (Cachot et al., 2006) and PCBs (Abarnou et Duchemin, 2008)
concentrations detected in respectively sediments and fish of the heavily polluted Seine
estuary (C1) and 10 times higher concentrations (C2). Mixtures were prepared by IDHESA
laboratory and pellet contaminant load was also measured by IDHESA to check the
efficiency of the impregnation (Tablel). Six fish groups were considered: a control group
(granulates without iso-octane), a control group with the solvent (granulates with iso-octane)

and 2 contaminated groups (C1 and C2) in batch replicates.

After the acclimation period, 10 fish were sacrificed as a control (t0), then, 10 fish were
sacrificed per group after 14 and 29 days of contamination. After this contamination period,
fish were fed with normal commercial granulates and 30 fish per group were sacrificed after a

15 days recovery period (i.e. 45 days after t0).

One day before t0, animals were tagged and their standard length (Lsd, i.e. until the
hypural joint) and total weight were measured. Each sampling operation was conducted with

the following protocole:

(1) the Lsd and total and gutted-carcass weight were measured per fish, and a blood sample
was collected in the caudal vein with a heparinized syringe; a part of blood sample was
diluted (x100) in a cryopreservative buffer (Evrard et al., 2010a) for the Comet test and a
second part of blood sample was centrifuged (5min, 5000G) to obtain plasma for the

lysozyme activity; All these samples were frozen in liquid nitrogen;
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(2) fish were knocked out and fragments of liver and muscle were quickly dissected and

frozen in liquid nitrogen; Carcass of each fish being stored at -20°C until PCB analysis .

Visual inspection did not reveal any trace of liver pathology or parasite infection. All
experiments were performed according to the guidelines laid down by the french "Ministére

de I'Agriculture”" and the European Union council directive for the care and use of laboratory

animals.

Table 1. Targeted and measured concentrations of PAHs and PCBs in the fish pellets
fzontrol with Cl @
1ISo-octane
measured targeted measured targeted measured
concentration  concentration concentration concentration concentration
(ng/g) (ng/g) (ng/g) (ng/g) (ng/g)

HAP:

fluoranthene 23 210 189 2100 2072
pyrene 32 200 176 2000 1916
benzo(a)anthracene 0.7 70 49.6 700 640
chrysene 1.5 130 84.8 1300 1144
benzo(b)fluoranthene 2.3 170 116 1700 1501
benzo(k)fluoranthene 0.7 60 433 600 529
benzo(a)pyrene 1.3 60 42.1 600 517
indeno(1,2,3-cd)pyrene nm 50 nm 500 514
benzo(ghi)perylene 0 50 54 500 435
> HAP= 12 1000 754.8 10000 9268
CB:

CB 28 0 5 42 50 47.1
CB52 0.4 25 243 250 252
CB 101 1.6 50 438 500 470
CB 149 2.1 50 42.8 500 477
CB 118 1.1 50 41.7 500 465
CB 153 33 100 86 1000 939
CB 105 1.4 25 20.3 250 238
CB 138 2.6 100 79.4 1000 911
CB 156 1.2 25 20.3 250 218
CB 180 1.4 50 37.9 500 449
CB 170 1.5 25 17.7 250 212
CB 194 0 5 35 50 42.5
CB 126 0 5 3.9 50 46.9
> PCB 16.6 515 425.8 5150 4767.5
total load of contaminants 28.6 1515 1180.6 15150 14035.5

2.2 Biometric indexes

The body condition factor (CF) was calculated by the formula: CF = 100 x W / Lsd®,
where W is gutted-carcass weight (g) and Lsd is standard length (mm) of each fish.
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The growth of each fish was estimated by the measured of the specific growth rate
(SGR) by the formula : SGR (%/day) = 100 x ( In W — InW; ) / t, where W, and W, are the
initial and final weights respectively and t is time (day) (Talbot, 1993).

2.3 Food preparation and PCB analysis in food and fish tissue

Commercial food (Inicio plus, 1.9mm), obtained from Biomar (France), consisted of a
formulated feed containing 61% crude protein and 33% crude fat. Spiked food was prepared
by batch to avoid deterioration and by slowly adding a solution in iso-octane of known
amounts of thirteen PCB congeners and 9 PAH, (AccuStandard Inc., New Haven, USA,
purity above 98%) to food pellets in order to prepare diets. PCBs mixtures were composed of
the seven indicator PCB congeners (CB28, 52, 101, 118, 138, 153, 180), and a few others to
describe a larger range of chlorination from 3 to 8 chlorine atoms (CB105, 126 149, 156, 170,
194). The latter compounds were chosen because they can highlight any underlying
mechanisms acting on the distribution of organic contaminants in biota, i.e. bioaccumulation
or biotransformation. CB153 is not metabolized and is used as a representative of all thirteen
congeners. PAHs mixtures were composed of 9 PAHs of high molecular weight (three to five
rings) found in European and American estuaries and already used in several studies of
contamination with PAHs mixtures (e.g. Arkoosh et al., 2001b; Bravo, 2005; Bravo et al.,
2011).

Two diets were prepared: PCBs&PAHs-medium and PCBs&PAHs-high for which
targeted concentrations of individual congeners are shown in Table 1. PAHs being
metabolized, only the PCBs concentrations were assessed to confirm the fish contamination.
Batches of spiked food were stored in amber containers in a cool, dark place throughout their
use (circa 1.5 months). Individual PCB congener concentrations were determined in each
batch of spiked food (Table 1). Non-spiked food was also analyzed for PCB levels, and
concentrations were between <0.05 ng/g dry weight (dw) and 3.0 ng/g dw (mean value
calculated on 5 replicates) depending on the congener. In addition to congeners included to
spike the contaminated food, CB 31 (not detected; nd), CB 77 (nd), CB110 (0. 75 ng/g dw),
CB132 (nd), CB128 (nd), CB187 (nd) non-added congeners and p,p DDE (3.50 ng/g dw)

were measured.

PCB analysis in fish carcass was performed according to the protocol described by

Bodiguel et al. (2009). Briefly, approximately one gram of freeze-dried fish carcass were
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extracted in a hot Soxhlet extraction apparatus (Soxtec) over 1.5 h with a hexane:acetone
mixture (80:20). The amount of extracted fat was determined by gravimetric analysis. Then,
two successive cleanups were performed on the extractible material. First, lipids and co-
extractible material were destroyed by adding concentrated sulphuric acid. The cleaned
extract was then purified by adsorption chromatography on a Florisil column (16% MgO +
84% Si02, activated for 1.5 h at 500°C, deactivated with 3% of demineralised water) and
eluted with pentane. Finally, PCB congeners were analyzed by gas chromatography with an
electron capture detector, on a HP 5890 series II equipped with a CP-Sil19 capillary column
(60 m length, internal diameter 0.25 mm, and 0.15 pm phase film thickness) following
optimized conditions described by Jaouen-Madoulet et al. (2000). The system was calibrated
within quite a large range using a six-point calibration curve to define the linearity range of
our detector (ECD) for all contaminants. The relative precision of the method was checked
for this type of sample by analyzing five aliquots of a homogeneous tissue preparation of fish
muscle. The results showed standard deviations of less than 10% for all congeners, indicating
that the method had a satisfactory reproducibility. During analysis of the real samples,
analytical blanks were systematically measured for every ten samples. The blank
concentrations were always less than the concentrations of the lowest standards of all
congeners. Finally, 5 replicates of a reference material, BCR-CRM349 (Cod Liver Oil) were
analyzed to determine the accuracy and precision of the method. PCB recoveries varied
between 74% and 125%. Furthermore, the RSD values ranged from 4% to 19%, with a mean
of 10% for all PCBs. All of these results were in agreement with certified reference values
and published data (Schantz et al., 1993). The laboratory regularly takes part in Quality
Assurance of Information for Marine Environmental Monitoring in Europe (QUASIMEME)
intercomparison exercises for PCBs in biota and our Z-scores are satisfactory, i.e. between —2

and +2

2.4 Comet assay

The level of DNA breaks induced by chemicals and estimated by the Comet assay is
considered as a precocious and sensitive biomarker for populations living in contaminated
aquatic systems (Frenzilli, Nigro et Lyons, 2009). In this study, the Comet assay was carried
out on flounder erythrocytes according to the procedure described by Singh et al. (1988) with
slight modifications detailed in (Evrard et al, 2010a). After cells treatment and

electrophoresis, DNA was stained with 0.05 mM ethidium bromide and scored using an
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Axioskop epi-fluorescence microscope (Zeiss) and the comet assay IV image analysis system
(Perceptive Instruments Ltd., Havrevill, UK). Randomly selected cells from two replicated
slides (50 cells per slide) were analysed. The percentage of DNA in the comet tail (median %
tail intensity) was chosen as the most reliable and meaningful comet measurement (Jha,

2008).

2.5 Lysozyme

The assessment of plasma lysozyme level was carried out by the turbidimetric method
of Parry et al. (1965). A suspension of 110ul Micrococcus lysodeikticus (10 pg/ml, 0.05 M
sodium phosphate buffer, pH 6.4) was mixed with 40ul of serum in a 96-well plate. The
reaction was carried out at room temperature and read at 450 nm at 1 min intervals for 20 min
with a shake before each reading. On each 96-well plate, the measure was also carried out on
a standard being a concentration of lysozymes know (0 to 0.75ug/ml) to calculate the
concentration of lysozyme in each plasma sample. Protein concentrations in plasma sample
were determined by the method of Bradford using bovine serum albumin as a standard (BIO-

RAD Laboratories, USA).

2.6 CCO (Cytochrome C oxidase)

CCO activity was measured at 22°C by a microplate spectrophotometric assay in
muscle S9 fraction (Smith et Conrad, 1956; Théron, Guerrero et Sebert, 2000). Absorbance
changes were monitored at 550nm during 8min. Protein concentrations were determined by
the method of Bradford using bovine serum albumin as a standard (BIO-RAD Laboratories,

USA).

2.7 Gene expression

The procedure used to measure the gene expression level is similar to that described by

Calvés (2011)

Total RNA was isolated using Trizol reagent (Applied Biosystems) at a concentration
of 1ml/50mg of tissue. Each liver was homogenized in Trizol using a Precellys-24 ceramic
bead-based homogenizer (Bertin Technologies). Samples were treated with RTS DNAse Kit

(MO BIO) to prevent DNA contamination. The purity and concentration of sample were
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determined using a NanoDrop 8000 spectrometer (Thermo Scientific). Purity was assessed
using the ration A260/A230 and A260/A280. RNA quality was assessed using the 2100
Bioanalyzer Agilent (Agilent Technologies) or by migration on agarose gel (1.5%). Reverse
transcription (RT) was carried out using 1pg total RNA from each sample with RevertAid H
minus First Strand, cDNA Synthesis Kit® (Fermentas). A RT was carried out using a RNA
mixture of samples come from each experimental condition. This mixture is a control used on

each run of real-time PCR.

The mRNA expression level was explored for the following genes: BHMT, C3, TNFa
and CYPIA1. Two housekeeping genes were tested : alpha-tubulin and 18S. No significant
differences of Ct were observed for alpha-tubulin between the control and the contaminated
fish; furthermore Alpha-tubulin showed the lowest variation coefficient, and thus was
retained as the housekeeping gene in our analysis. Primers of CYP1A1, Alpha-tubulin, 18S
and BHMT were obtained in the literature (Table 2). Primers of C3 and TNF-R were
designed considering the sequences available on GENEBANK and using Primer 3 software

(Rozen et Skaletsky, 1999).

Table 2. Primer sequences used to RT-PCR

Gene Forward (5' to 3') Reverse (5'to 3') origin

a-Tubuline CAC-AGC-CTC-ACT-TCG-TTT-TG AGA-TGA-CAG-GGG-CAT-AGG-TG Leaver et al. (2010)
18S GTC-TGG-TTA-ATT-CCG-ATA-ACG-AAC- TGC-TCA-ATC-TCG-TGT-GGC-TAA-ACG- Evrard et al. (2010)

GAG-ACT-CTA CCA-CTT-G

CYPIA1l GCC-AAC-GTG-ATC-TGC-GGA-ATG AAG-CCG-ACC-AGC-TCC-TGA-TC Calves et al. (2011)
BHMT  AGA-GAG-GCC-TAC-AAG-GCT-GG GTG-TGC-ATC-TCC-AGA-CCA-GCG-C Evrard et al. (2010)
TNF-R  CAG-CCG-AAT-CTC-AGT-GAT-GG CAG-TTG-GAT-GCC-AAG-TCA-GC design of ES443667.1
C3 ACG-ATG-AAA-GTG-GGC-GTC-TT TGC-AGT-TCT-CTT-CGG-CAC-AT design of EC379465.1

The real-time PCR (RT-PCR) amplifications were carried out in triplicate with the
Absolute QPCR SYBR Green ROX Mix (Thermo Scientific) The final volume of reaction
was of 25ul with 1ul of cDNA (1/40 dilution), 12,5ul of ABsolute QPCR SYBR Green Mix
(Thermo Scientif), 1.75ul of each primer (1puM) and 8 pl of water. A negative control was
carried out (each total RNA sample with DNAse treatment). Each run included cDNA of
sample, cDNA of mixture used like control and blank controls (water) analyzed for each
primer pair. The RT-PCR were carried out using a 7300 Real-Time PCR System (Applied
BiosystemsTM) with RT-PCR thermal cycling program as follow : 50°C for 2 min, 95°C for
10 min, then 40 cycles at 95°C for 15s follow by 1min at 60°C. A melt curve was carried out

to confirm the specificity of the reaction with the program following: 95°C for 15s, 60°C for
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30s and an increase of temperature by 0.5°C each 15s to 90°C. PCR efficiency (E) was
determined for each primer pair by determining the slopes of standard curves obtained from
serial dilution analysis of cDNA. Relative expression of the target gene was calculated with
the Pfaffl formula (2001) wusing Alpha-tubulin like reference  gene

ACP control-sample
_ (Etarget) target( ple)

ratio = & f)ACPref(control—sampIE)
re

. The ratio of a target gene is expressed in a sample

versus a control in comparison to a reference gene. Eqree 15 the real-time PCR efficiency of
target gene transcript; Eer is the real-time PCR efficiency of a reference gene transcript;
ACPyqrge 1s the CP deviation of control — sample of the target gene transcript; ACPs = CP

deviation of control — sample of reference gene transcript.

2.8 Statistical analysis

Statistic tests and box plot graphs were carried out using Statistica 10.0 (StatSoft). The
variables were not normally distributed, so the Kruskal-Wallis (KW) test was used for inter-
condition comparisons. When KW test was significant (p < 0.05), it was followed by a post-
hoc test: a multiple bilateral comparisons of mean ranks. No significant difference was
detected over the whole markers (KW test: p > 0.05) between control group and control
group with solvent, between the two groups of C1 and between the two groups of C2, thus
the analysis were conducted grouping the two groups of control, the two groups of C1 and

C2.

Principal Component Analysis (PCA) was used to develop an integrative approach on
the fish responses to contaminants after 14 days and 29 days of exposition, considering the
three fish groups; control/exposed to Cl/exposed to C2. The following variables were
considered in the PCA: Lsd, SGR, DNA damage, lysozyme concentration, CCO and gene

expression; all data being standardized (zero mean, unit variance) before the analysis.

3 RESULTS

3.1 Chemical analysis in pellets and in fish carcass, biometric indexes

The chemical analysis in pellets indicates that the concentrations of PCBs/PAHs in
granulates were close to the intended concentrations (Tablel), for the moderate as for the

high load of contaminants (C1 and C2).
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After the 29 days contamination period, the concentration of PCBs in fish carcass was
close to the concentration in pellets for both C1 and C2 levels (Fig 1). Furthermore, for the
Cl1 experiment, a significant correlation (R=0.9, p<0.05) was detected between the CB153

concentration in fish carcass after 29 days of contamination and the specific growth rate
(SGR).

No significant difference of CF, Lsd or SGR was detected between the different fish
groups (control/exposed to Cl/exposed to C2) after 14, 29 or 43 days of experience.

1000
900 O pellets C1
W fishes C1 29days
200
W pellets C2
700

M fishes C2 29days
600

500

ng/g PS

400

300

200

CB28 (CB52 CB10l1 CB149 CB118 CB153 CB105 CB138 CB156 CB180 CB170 CB194

Fig 1. Measured concentrations of PCBs indicators in pellets and in fish carcass after 29 days of
contamination.

3.2 Comet assay

After 14 days of contamination, a higher level of DNA damage was observed for the
C2 exposed fish compared to the other groups (Fig 2), however this trend was not significant
(p>0.05); this increase of DNA damage becoming significant for this C2 group (p<0.01) after
the 29 days contamination period. After the restoration period lasting 15 days, the levels of
DNA damage were not significantly different between fish groups (Fig 2); theses levels were

low and similar to those observed at the beginning of the experiment.
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For the C2 experiment after 29 days of contamination, a significant correlation
(R=0.964, p<0.05) was detected between the level of DNA damage and the mRNA level of
CYPIAL.
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Fig 2. Primary DNA damage levels expressed as median tail intensity by the Comet assay during the
experiment in control (Ctl) and in contaminated conditions (C1 and C2) after 14, 29 and 43 days. * :
p<0.05 ; ** : p<0.01 and *** : p<0.001

3.3 Lysozyme

A significant decrease of the lysozyme activity was detected after 14 days of
contamination for the C1 exposed fish compared to other groups (Fig 3); a similar trend was
observed for the C2 group compared to the control but was unsignificant. After 29 days of
contamination, the lysozyme activity was significantly reduced for both C1 and C2 groups
compared to the control (Fig 3). The levels of lysozyme activity were similar in the three fish

groups after the restoration period.
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Fig 3. Lysozyme concentration in plasma during the experiment in control (Ctl) and in contaminated
conditions (C1 and C2) after 14, 29 and 43 days. * : p<0.05 ; ** : p<0.01 and *** : p<0.001

3.4 CCO (Cytochrome C oxidase)

No significant difference was detected for the CCO activities among the fish groups,
along the whole experiment (Fig 4); however the highest and the lowest CCO activities were

detected for the C2 fish group after respectively 14 and 29 days of contamination.
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Fig 4 CCO activity during the experiment in control (Ctl) and in contaminated conditions (C1 and C2)
after 14, 29 and 43 days. * : p<0.05 ; ** : p<0.01 and *** : p<0.001
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3.5 Gene expression

The BHMT and CYP1AI expressions were up-regulated for the C2 fish compared to
the other groups after 29 days of contamination ; this up-regulation being maintained after the
restoration period (Fig 5). The C3 gene expression was up-regulated for the C1 and C2
groups after 29 days of contamination; the expression levels of this gene were not
significantly different between the fish groups after the restoration (Fig 5). The TNF-R gene
expression was up-regulated in the C2 fish compared to other groups, after the 29 days

contamination period (Fig 5).

50 28

H : . 2 i i Fede Kol
: ' : :
ast 1+ BHMT i ** v C3 i i
1 1 ] 24 1 1 1
1 1 1 1 1 1
40 , : 22 : : :
1 l 1 1 1 1
1
gl | s s o e |
I 0 ' ' ' .a 18 ' ' '
1 l ] 1 1 1
g ! : : o AT ! !
ol i i = ' i i
u ' ' ' x 14 ' ' '
@ 1 ' ' 3 1 1 1
g 20t : : 212 : : :
o : : ) o 10 : : :
2 Y : : ) : : :
[1°] 1 ] U - 1 1 1
o fop | ! ! S 6 ! : :
5 : 4 : : L
: 1 . i L& =
i i ' 0 ' : .
1 ' ' 2 1 l 1
' 1 i il i a1 i - 1 1 1
Gt 14Cll 14C1 14C2 29CH 29C1 20C2 43CH 43C1 43C2 Cll 14CH 14C1 14C2 29CHl 29C1 29C2 43CHl 43C1 43C2
o Median
[ 25%-75%
T Min-Max
90 —— . . - . . — . . . 40 : T T
1 ll ' '
H ' l 1 wy !
80 L CYP1A1 L 35 ' TNF-R 1 S
! : * : ! !
70 H H 30 ' ' '
c ! ! c ' : :
1 l
2% ! 2 25 : | :
6 i I 3 ' | |
5 sof i -4 ' , i
x \ . 20 ' I i
LY i ' GJ i ' '
v d0f i | ] l | |
g : 1 g 15 i : '
g 0 : ¢ : | :
= H : 510 ] I i
o O ' o ' ' '
= ! ' o5 i i i
10 : l g ! é I ; I@ & I
' ' : : :
' ' : : :
o} =k = b & de ' = <& 0 : ‘ i
1 l l
PR i i I ! !
Cl 14Cl 14C1 14C2 29CH 29C1 29C2 43CHl 43C1 43C2 G 14Cll 14C1 14C2 29CH 20C1 29C2 43CHl 43C1 43C2

Fig 5. Expression level of target gene compared to the reference gene (a tubuline) during the experiment
in control (Ctl) and in contaminated conditions (C1 and C2) after 14, 29 and 43 days. * : p<0.05 ; ** :
p<0.01 and *** : p<0.001
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3.6 PCA

Two PCA were carried out on the fish responses after 14 and 29 days of contamination.
After the 14 days contamination period, the first and second principal components (axis 1 &
axis 2) accounted for respectively 38.34% and 16.50% of the total variance over the whole
data set (Fig. 6A). On the first axis of the correlation circle, an opposition was observed
between the left side of the diagram mainly characterized by high CCO and lysosyme
activities, high BHMT and CYP1Al expression levels and the right side mainly linked to
high fish standard length (Fig 6A). The second axis of the correlation circle was mainly
linked to DNA damage (Fig 6A). The distribution of the individuals on the main factorial
plan (Axis 1 & 2) showed a mixture of individuals coming from the two groups: control and
C1 exposed fish (Fig 6B); the C2 exposed group being mainly localized in the lower part of
the diagram and thus showing higher DNA damages. The inter-individual variability in the
fish responses of the C2 group was higher to those observed for the control and C1 groups

(Fig 6B).

After the 29 days contamination period, the first and second principal components (axis
1 & axis 2) accounted for respectively 40.36% and 19.42% of the total variance over the
whole data set (Fig. 6C). On the first axis of the correlation circle, an opposition was
observed between the left side of the diagram mainly characterized by high DNA damage and
high expression level of TNFa, CYP1A1, C3 and the left side of the plan mainly linked to
high lysozyme and CCO activities (Fig. 6C). An inverse correlation was detected between the
expression level of BHMT in the upper part of the diagram, and the specific growth rate in
the lower part of the plan (Fig 6C). The distribution of individuals after 29 days of
contamination showed that the three fish groups (control, C1 and C2) were clearly separated

along the first axis (Fig 6D) :

- on the right part of the plan, the control fish showed high CCO and lysozyme
activities, reduced DNA damages and limited expression levels for TNFa, CYP1AI,
C3 and BHMT;

- on the left part of the plan, the C2 fish displayed an inverse trend, i.e. limited CCO
and lysozyme activities, high DNA damages and high expression levels for TNFa,
CYPI1Al, C3 and BHMT;

- on the plan center, the C1 fish showed intermediate responses between the control

group and the C2 group.
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The inter-individual variability in the fish responses of the C2 group after 29 days of

contamination was again higher than those observed for the control and C1 groups (Fig 6D).
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Fig 6. Principal Component Analysis (PCA): distribution of the variables on the correlation circle after 14
days (A) and 29 days (C) of contamination and distribution of the fish on the main factorial plan after 14
days (A) and 29 days (C) of contamination, considering the three fish groups (Ctl, C1 and C2)

4 DISCUSSION

4.1 Contamination by food and fish chemical load

The Specific Growth Rate and the carcass chemical load clearly showed that all fish fed

during the experiment and that the flounder contamination by food was efficient. Chemical
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analysis underlined a low variability in the fish PCBs concentrations in each condition.
Furthermore, after a 29 days contamination period, the ratio of the PCBs loads in group
exposed to the high concentration (C2) vs in group submitted to the moderate concentration
(C1) was close to 10 (i.e. the C2/C1 ratio in the pellets); this result suggests that in our
experimental conditions, the fish PCBs bioaccumulation increased linearly with the level of

food contamination.

The cocktail of pollutants C1 was designed to reflect the general level of PAHs and
PCBs observed in respectively sediment and biota for heavily polluted systems (Abarnou et
Duchemin, 2008; Cachot et al., 2006). A first approximation could be to consider that our
experimental levels of contamination (C1 and C2= C1 x 10) allow to explore the complex
effects of cocktails on process of detoxification, DNA damages, immune and metabolic

responses in environmentally realistic conditions.

4.2 Detoxification-biotransformation and genotoxicity

The CYPIA1 induction is a major biomarker of exposition to environmental
contamination in aquatic ecosystems (van der Oost, Beyer et Vermeulen, 2003) which is
implicated in the metabolization of PAHs and of other organic pollutants, and particularly in
the first step of the detoxification process; the resulting molecules being sometimes more
toxic than the parental ones. For the European flounder as for numerous fish species, an up-
regulation of CYP1A1 induced by PCBs and PAHs was observed both in laboratory (Eggens
et al., 1996; Lewis, Williams et Chipman, 2006) and in the field (Evrard et al, 2010a;
Williams et al., 2003).

In the present study, the PCBs-PAHs cocktail induced an up-regulation of the CYP1A1
expression for the higher concentrated mixture, after a 29 days contamination period; this up-
regulation was maintained after the 15 days restoration period and was probably linked to the
presence in fish tissues of compounds displaying low rates of biotransformation and
probably PCBs. Similarly, the expression of BHMT, an enzyme which catalyses the
methylation of homocysteine to methionine and have been suggested as involved in phase II
detoxification (Evrard et al., 2010b; Marchand et al., 2006; Williams et al., 2008), was also
up-regulated after 29 days of contamination with the higher dose. This up-regulation was
maintained after 14 days recovery. These convergent results with those observed in the

CYPI1ALI expression could confirm the implication of BHMT in detoxification processes.
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Besides, Galland et al., (in prep, annexe 1) observed co-accumulation of BHMT and GST and
GPx in European flounders experimentally contaminated with this PAHs/PCBs cocktail.
They suggested that BHMT could be implied in a pathway leading to the production of
glutathione, allowing the excretion of conjugated xenobitics by GST or anti-oxidative

defenses by GPx.

This study considered the use of the comet assay for DNA damage assessment in
flounder erythrocytes, like a pertinent marker to reveal the impact of stress in aquatic
environments (Frenzilli, Nigro et Lyons, 2009). If the PAH metabolites are well-known
genotoxicants (Lee et Steinert, 2003), PCBs genotoxicity remains more controversial,
depending on the family compound. In the present study, the increase of the DNA damage
detected after a 29 days exposure to the concentrated cocktail, then the return to the baseline
level after the restoration period, suggest that the PAHs showing the higher rate of
biotransformation by CYP1Al could be the main inducers of the genotoxicity. This last
hypothesis could be probably strengthened by the correlation detected in the previous
experimental context (29 days and C2 concentration) between the levels of DNA damage and
mRNA CYPIAL. Absence of DNA damage after the recovery period indicates that the DNA
damages were repaired, the level of metabolites being below the critical threshold necessary

to induce genotoxicity.

However the genotoxicity is not necessarily linked to the direct impact of xenobiotics
or of their metabolites on DNA, but could be also related to the production of reactive oxygen
species by PCBs (Schlezinger et al., 2006) or by the immune system (e.g. TNF system in
Yang et al., 2007). We suggest that new explorations on the impacts of mixture of PCBs and
PAHs on fish should consider 1) supplementary markers linked to the oxidative stress, 2)
larger juveniles to collect bile for the analysis of PAH metabolites, allowing to better explore

the relationships between exposition, biotransformation and genotoxicity.

In the present study, the C1 level of food contamination did'nt induce alteration of the
CYPI1ALI expression level or increase of the DNA damage; this contamination level was
rather similar to the one observed in the heavily polluted Seine estuary, where significant
DNA damages were detected for flatfish (Akcha, Vincent Hubert et Pfhol-Leszkowicz,
2003). This difference could be probably explained by the rather limited exposure time in our
experiment (30 days). In the field, juvenile flatfish must stay several months in polluted
estuaries before significant biomarker responses could be detected (Evrard et al., 2012);

furthermore, the high complexity of the mixture of pollutants (PAHs, PCBs, heavy metals,
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pesticides,...) in natural systems could also increase the potential effects of the chemical

stress on fish populations.

4.3 Immune responses

In the present study, immune biomarkers were clearly modulated by the chemical
stress, the decrease of the lysozyme activity being possibly associated to an
immunosuppression, whereas the increase of TNF-R and C3 expression levels could indicate
an activation of immune system. These results confirm 1) that chemical stress could induce
diversified immunomodulatory effects and 2) that a battery of tests is necessary for a better
evaluation of the immune system response in polluted environments (Dunier et Siwicki,
1993). The inverse trends suggested by lysozyme vs TNF-R / C3 results could be explained
by the complexity of the immune system; i.e. xenobiotics could lead to alterations that
produce apparently contrasted effects: for example, cadmium can elevate lysozyme activity

but impair phagocytosis (Bols et al., 2001b).

Furthermore, the contrasted trends detected before must be considered cautiously,
considering that they are assessed respectively at the protein vs mRNA levels. A higher
expression of mRNA is not necessarily accompanied by an increase of protein level; i.e. the
toxicant which inhibits the activity of protein may increase the transcription of the gene
coding for the protein (Nikinmaa et Rytkonen, 2011). Thus, Teles et al (2011) underlined an
increase in TNFao mRNA expression in rainbow trout (Oncorhynchus mykiss) contaminated
with copper but no change in TNFa protein concentration extra-cellular, suggesting that
translation of TNFao mRNA or secretion of the TNFa protein by the cell is somehow
inhibited. In our experimental context, we suggest that measures at protein level will be

necessary in the future to confirm the induction of TNFa and C3.

Several authors had evaluated the modulation of TNF system by the measure of TNF-
alpha a cytokine extracellular. But no sequence of TNF-alpha being available for the
European flounders, we chose to study the expression of the corresponding cell-surface
receptor (TNF-R), thus exploring an indirect response of TNF system. TNF-R is a receptor of
TNF system implicated in apoptosis and cell necrosis (Smith, Farrah et Goodwin, 1994) and
playing a role during acute inflammation (Wiens et Glenney, 2011).The presence of high
contaminant concentrations may be associated with inflammatory response (e.g. Leaver et al.,

2010; Pacheco et Santos, 2002; Sheir et Handy, 2010). In the present study, the induction of
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TNF-R mRNA could be the result of fish inflammatory response for the higher concentration
of pollutants (C2). Several studies showed an activation of TNF system in fish exposed to
copper (Teles et al., 2011), effluent wastewater (Kerr et al., 2008) and soluble fraction of
light cycle oil (Bado-Nilles et al., 2011). Reynaud et al (2005; 2008) observed in carp,
Cyprinus carpio, an interaction between the immune system and biotransformation,
suggesting that the immune system could modulate the biotransformation system; they

measured a down regulation in cytochrome P450 content after an injection with TNF-alpha.

In the present study, after 29 days of contamination, the up-regulation of TNF-R had
not lead to a down-regulation of CYPI1Al but was associated with an up-regulation of
CYPI1AL. So, if TNF-alpha down regulated the cytochrome P450, this regulation occurred
maybe after mRNA expression, or the TNF-R considered in our study like a proxy of TNF-
alpha could in fact respond differentially. To better explore the TNF system response, it will
be necessary in the future to consider the TNF-alpha specific sequence of the European

flounder.

In our experimental conditions, C3 like TNF-R were up-regulated after 29 days of
exposition to the "high" chemical stress; furthermore the C3 up-regulation was also
significant for the "moderate" chemical stress. Thus, = we suggest that C3 could be a more
sensitive biomarker than TNF-R. The complement system is composed of more than 35
soluble plasma proteins and is initiated by one or a combination of four pathways of
activation (Amara et al., 2008; Boshra, Li et Sunyer, 2006). C3 is the central protein of
complement activation pathways in teleosteans like in human (Boshra, Li et Sunyer, 20006;
Ye et al., 2011). Complement displays lytic, proinflammatory, chemotactic and opsonic
activities, and is associated to nonspecific phagocytic processes (Watts, Munday et Burke,
2001). Some complement components are up-regulated in acute phase responses (Bayne et
al., 2001), including the proteins C3 which are upregulated during inflammation (Watts,
Munday et Burke, 2001).

Several studies showed an up-regulation of mRNA C3 during an experimental
contamination with a complex cocktail of PAHs, alkylphenols and phenol on Atlantic cod,
Gadus morhua (Holth et al., 2010) or in a field study on winter flounder, Pseudopleuronectes
americanus, comparing polluted vs pristine sites (Straub et al., 2004). In the other hand,
Williams et al (2003) observed a down-regulation of C3 in European flounder over polluted

sites. Thus, if the C3 and TNF-R mRNA expressions could become pertinent markers in
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ecotoxicology, more studies will be necessary to better understand the mechanisms of up or

down-regulation of these genes by the contaminants.

In the present study, a significant decrease of the lysozyme activity was detected in our
contaminated fish groups compared to the control. Fish lysozyme displays lytic activity
against both Gram-positive bacteria and Gram-negative bacteria (Saurabh et Sahoo, 2008).
Exposure to pollutants could modulate lysozyme levels but the nature of the modulation
seems complex : serum lysozyme activity was elevated in rainbow trout exposed to cadmium,
mercury or zinc (Sanchez-Dardon ef al., 1999), plasma lysozyme concentration decreased in
flounder contaminated with DDT adducts and PCBs (Skouras et al., 2003), whereas no
modification in lysozyme concentration was detected in plasma of sea bass submitted to
heavy fuel oil or light cycle oil (Bado-Nilles et al., 2009). These differences of responses
could be explained by the type and the concentrations of contaminants; however, in many
fish studies, the general decrease of lysozyme in contaminated contexts appears as a sensitive
biomarker (Bols et al., 2001b; Saurabh et Sahoo, 2008). In our experimental context, the
measure of lysozyme level appears like a sensitive immune response to contaminants, a

signal being detected after only 14 days of exposition in the "moderately" contaminated fish
group.

Considering the whole immune responses to contaminants in the present study, we
observed after the 15 days recovery period, a restoration of the biological signals towards the

initial levels, whatever the considered marker (lysozyme, TNF-R, C3); thus it seems in our

experiment, that the contaminants induce a short-time impact on the immune system.

4.4 Metabolic activity

In the present study, the estimation of the muscle Cytochrome C Oxydase activity
(CCO) was considered as a potential proxy of the fish metabolic capacity (Cohen, Nugegoda
et Gagnon, 2001). Within each experimental condition (14 and 29 days exposition period, 15
days restoration period) the interindividual variability of the CCO is relatively high in each
fish group (control / low contamination / high contamination), thus no significant difference
was detected between groups; however a trend was noted for the highly contaminated group
which displayed the highest and the lowest CCO over the whole data set, respectively after 14
days and 29 days of exposition to contaminants. We suggest that the possible increase of the

CCO at 14 days for the heavily polluted group could reflect the energetic cost displayed by
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fish to cope with the chemical stress; during the first months of their impregnation in polluted
estuaries, young flounders displayed a similar energetic metabolism trend (Evrard et al.,
2012). On the other hand, the possible decrease of the CCO at 29 days for the heavily
polluted group could reveal a possible disruption of the energy metabolism induced by the
toxics, as suggested for sub-adult and adult flounders in polluted estuaries (Evrard et al.,

2010a).

4.5 Integration of fish responses to chemical stress

After a 14 days contamination period, the factorial analysis underlined the main
relationships between the fish groups (control vs moderately contaminated vs highly
contaminated) and the markers. The main part of the variance in PCA was probably not
related to the chemical stress, but could be more related to the flounder physiology; in fact, an
opposition between two main physiological trends was observed for the flounder, a "high
metabolic rate" (high levels for lysozyme, CCO, BHMT and CYP1AIl) vs a "low metabolic
rate" characterized by low levels for the previous markers, and also by high length and
specific growth rate. This dichotomy in flounder physiology was first observed in a previous
study on juveniles collected in french estuaries: the Seine and the Vilaine (Calves, 2011). A
secondary part of the variance in PCA was related to the chemical stress, the higher levels of

DNA damage being clearly observed for the highly contaminated fish group.

A much contrasted situation was observed by the factorial analysis after a 29 days
contamination period. The main part of the variance in PCA was here clearly associated to
the chemical stress; i.e. the highly contaminated fish group displayed high levels for DNA
damage, TNFa and CYP1Al, these biomarkers being positively correlated. This result
confirms 1) the potential relationships between CYP1Al activity and DNA damages
frequently suggested by different authors (e.g. Kleinjans et van Schooten, 2002; Roy et al.,
2003; Wessel et al., 2010) and 2) the link between CYP1A1 activity and immune function in
polluted contexts (Reynaud et Deschaux, 2006).

5. Conclusions

The present study underlined an efficient flounder contamination by the food. Thus, the

impact of a mixture of PAHs and PCBs was explored in environmentally realistic conditions.
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Particularly after a one month contamination period, several biomarkers were clearly affected
by the chemical stress. The detoxification activity increased (higher CYP1A1 expression
level) in the same way to the rise of DNA damages; furthermore, the increase of the BHMT
expression level could be also associated to the detoxification process. The responses of the
immune sytem to the chemical stress were clearly identified but complex to analyze,
considering several modulations in the lysozome activity, and in the expression level of TNF-

R and C3.

New experimentations must be considered in the future to analyze thoroughly the links
between exposition to complex mixture of pollutants, detoxification-biotransformation, DNA
damages and immune responses, adding new markers related to the oxidative stress and the

analysis of PAH metabolites in fish bile.
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1 INTRODUCTION

L’expérience de contamination en conditions controlées a confirmé que la plupart des
biomarqueurs étudiés étaient modulés par la présence de polluants. Nous avons donc ensuite
exploré le potentiel de ces différents biomarqueurs dans les populations naturelles de flet, en

estuaires plus ou moins contaminés. L’objectif de ce travail était donc

- d’évaluer si les marqueurs analysés en laboratoire permettraient de refléter le

différentiel de contamination entre les estuaires

- et de continuer a approfondir nos connaissances sur les réponses du flet a la

contamination chimique.

Les marqueurs utilisés sont donc pour la plupart identiques a ceux de 1’expérience en
conditions contrdlées : expression des genes CYPIA1l, BHMT, C3 et TNF-R, mesure de
I’activit¢ de la CCO, évaluation des capacités de phagocytose et calcul de I’indice de
condition (CF). Les dommages a I’ADN et la quantité de lysozyme n’ont pu étre mesurés ici ;
ce sont des mesures réalisées sur du sang, qui exigent donc des prises de sang, trop
laborieuses sur le terrain. L’expérience de contamination ayant soulevé la question de
I’implication du stress oxydant dans la réponse de certains marqueurs, Wilfried Sanchez
(INERIS) a collaboré a ce projet en mesurant les activités de SOD, Catalase et GPx. Ces

analyses sont en cours et seront intégrées ultérieurement au projet de publication présenté ici.

Des juvéniles nés dans 1’année (young of the year : YOY ou 0+) et des juvéniles de plus
de 1 ans (1+) ont été capturés dans 3 estuaires de la Manche : la Tamar (Angleterre), la Seine
et la Canche ( France) (n=30 pour chaque échantillonnage). L’estuaire de la Canche est un
estuaire considéré dans de nombreuses études comme site de référence car présentant un
faible niveau de contamination (e.g. Amara et al., 2007; Amara et al., 2009). La Seine est un
estuaire considéré comme tres pollué, présentant un mélange trés complexe de polluants
(HAPs, PCBs, métaux lourds,...) (Loizeau et Abarnou, 1995; Munschy et al., 1996). Enfin la
Tamar présente de fortes concentrations en métaux qui sont la conséquence d’anciennes

activités minicres (Langston et al., 2003).

Une étude précédente en génétique de populations, sur plusieurs populations de flets
de I’Angleterre au Portugal, a mis en évidence I’existence d’une probable pression de

sélection exercée par les polluants, particulierement en Seine et Tamar ; dans ces deux
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estuaires, cette sélection conduirait & une augmentation de 1’hétérozygotie pour le locus de
I’ AMP-desaminase isoform 1 (un géne impliqué dans le métabolisme énergétique). De plus,
I’approche protéomique réalisée parallélement a I’é¢tude génétique, a mis en évidence que
les sites contaminés (Seine et Tamar) présentaient une abondance en protéines impliquées
dans le métabolisme énergétique, le stress oxydatif et les processus de détoxication (annexe
2). La question est donc de savoir si les biomarqueurs explorés en conditions de
contaminations expérimentales, peuvent se révéler efficaces pour identifier le caractére

vraisemblablement trés pollué de la Seine et de la Tamar, relativement a la Canche.

2 RESULTATS ET DISCUSSION

Les résultats sont présentés ici de maniere synthétique (Tableau 3). Les corrélations
existantes entre les paramétres mesurés ont été calculées pour les estuaires de la Seine et de la

Canche en 2010 pour les 2 classes d’ages (0+ et 1+).

Tableau 3. Récapitulatif des résultats des différents biomarqueurs et indicateurs utilisés au court de cette
étude. Phago=capacité de phagocytose, indiv.=individu, reins a.=reins antérieur ou pronéphros,
cyto=cytométrie, activ.=activité enzymatique par mesure d’absorbance ou de luminescence, ref.

correspond a la valeur de référence pour les comparaisons, un ++ ou - - signifie que la valeur est plus de 2

fois supérieur ou inférieur a la valeur de référence

Lo i detoxification systeme immunitaire metabo. |nd|c?§ de
indice mesuré condition
CYP1A1 BHMT phago. C3 TNF-R CCo CF
organe foie foie reins a. foie foie muscle indiv.
technique RT-PCR RT-PCR cyto. RT-PCR RT-PCR activ. indice
terrain - flet
2009 Canche ref. ref. ref. ref. ref. ref.
Tamar 0 0 0 + 0 -
Seine + -
2010 Canche O+ 0 0 ref 0 0 0 0
Canche 1+ 0 0 0 0 0 0 0
Seine 0+ 0 + - - + + ++ 0
Seine 1+ 0 0 - - + + 0 0

Des dosages de métaux (Cu, Pb et Cd) ont été réalisés par Ricardo Riso (LEMAR,
UMR 6539) sur 3 pools, constitués chacun d’un mélange de 3 foies de flets 0+ échantillonnés
respectivement en Seine, Canche et Tamar. Ces dosages confirment que la Canche présente
une pollution métallique limitée et qu’a I’inverse la Tamar est fortement contaminée par les
métaux lourds ; les concentrations en Cd dans les foies des poissons de la Tamar étant 240
fois plus fortes relativement a celles de la Canche. Notons que la Seine présente des

concentrations de métaux intermédiaires entre Tamar et Canche.
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L’indice de condition (CF) est plus faible en 2009 pour les poissons de la Seine et de la
Tamar, relativement a ceux de la Canche ; cette différence n’apparaissant plus en 2010. II est
donc possible qu’en 2010, la présence de facteurs confondants plus favorables aux poissons

en Seine et Tamar (abondance de proies, salinité...) aient masqué I’effet des polluants.

En conditions expérimentales, 1’activité¢ de la CCO ne montrait pas de modulation nette
liée a la présence de polluants (Chapitre 2) ; par contre, en milieu naturel, I’activité¢ de la
CCO est différente entre les sites pour la cohorte 0+. Les flets de la Seine présentent en effet
une activité de la CCO plus élevée relativement a ceux de la Canche ; elle pourrait refléter un
surcolit  énergétique pour les poissons contaminés, li€é aux mécanismes de

protection/réparation vis-a-vis des polluants.

Au niveau des processus de détoxication, I’expression du CYP1A1 ne semble pas étre
induite dans les sites contaminés. Par ailleurs, la BHMT, qui est aussi liée a la détoxication,
est induite en Seine pour la cohorte 0+. De plus, I’étude protéomique montre une
augmentation de la quantité de GST sur I’estuaire de la Seine et de la Tamar relativement a la
Canche (Annexe 2), associée aux processus de détoxication. Au final, une activation des
processus de détoxication semble évidente en Seine ; I’expression du CYP1A1 pourrait tre
potentiellement inhibée par la présence de perturbateurs endocriniens révélés sur la Seine par
I’é¢tude en protéomique (Annexe 2). Rappelons de plus, qu’il n’y pas forcément de corrélation
entre la mesure au niveau de ’ARNm et ’activité enzymatique de la protéine. La mesure de
I’activit¢ EROD dépendante du CYP1Al permettrait a ’avenir de mieux comprendre la

réponse du flet a la contamination dans I’estuaire de la Seine.

Parallelement a notre expérience de contamination expérimentale, 1’expression des
genes TNF-R et C3 est augmentée dans les estuaires pollués. L’expression du C3 pourrait
étre un indicateur moins sensible a la pollution métallique de la Tamar, puisqu’il n’est induit
qu’en Seine alors que le TNF-R est activé en Seine et Tamar. L’hypothése la plus probable
est que la présence de polluants entrainant une inflammation, le systéme du complément et le
TNF étant impliqués dans la réponse inflammatoire seraient alors activés. Par ailleurs, la
capacité de phagocytose est diminuée aussi bien pour la cohorte 0+ que 1+ de la Seine par
rapport a la Canche en 2010. Cela suggére que le stress chimique peut exercer un effet
immunosuppresseur qui pourrait fragiliser a termes les populations trés polluées, en les

rendant moins résistantes aux pathogenes.

Cette approche multiparametres confirme que certains marqueurs testés en laboratoire

peuvent étre également pertinents pour diagnostiquer la qualité des milieux estuariens.
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Néanmoins, la présence de facteurs confondants rend souvent difficile 1’interprétation des
résultats. La réponse des biomarqueurs explorés dans cette étude (au niveau du métabolisme
énergétique, des activités de détoxication et du systéme immunitaire) montre que les poissons
de Seine présentent des différences tres tranchées dans leurs réponses, relativement a ceux de
la Canche. Nos biomarqueurs différencient assez faiblement les poissons de la Tamar
relativement a ceux de la Canche, ce qui pourrait confirmer la nature différentielle du stress
dans cet estuaire, probablement liée aux métaux. La mise en ceuvre de marqueurs plus
spécifiques de la contamination métallique en Canche devrait nous permettre d’explorer cette

derniere hypothese.
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ABSTRACT

A multibiomarker approach was developed to evaluate the juvenile European flounder
responses in three contrasted estuaries over the British Channel : the Canche (a pristine site),
the Tamar (an estuary displaying a heavy metal stress) and the Seine (a heavily polluted
system by a diffuse contamination). The condition factor (CF) and several biomarkers of the
immune system (Phagocytosis and gene expression of complement component C3 and TNF-
receptor), energetic metabolism (activity of the Cytochrome C oxidase: CCO), detoxification
process (expression levels of Cytochrome P450 1Al: CYP1AIl and betaine homocysteine
methyl transferase: BHMT) were investigated on young-of-the-year (0+) and one-year-old
(1+) flounders. The results underlined the difference between the pristine site and the Seine
which showed a modulation of the immune system (lower phagocytosis capacity and up-

regulation of C3 and TNF-R mRNA), a higher CCO activity, an up-regulation of BHMT
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expression level and a lower CF. The results confirmed the relationship between the immune
system and the detoxification processes in the heavily polluted Seine system. The CYP1Al
gene expression was not modulated in the contaminated systems compared to the pristine
site; this result, particularly in the Seine estuary, could suggest the presence of inhibitors of
this activity in the field or a possible adaptation in the chronically contaminated flounder
population. Finally, the limited multibiomarker responses for juvenile flounders in the Tamar

estuary, could be linked to the specific contamination context of this estuary.

Keywords: immunotoxicity, pollution, fish, estuaries, gene expression, Platichthys

flesus

1 INTRODUCTION

Coastal systems like bays or estuaries are essential nursery areas for juvenile fish
displaying high densities, pronounced growth rate, and being submitted to a low predation
risk (Beck et al., 2001). These environments are characterized by a high potential of fish
production (Dolbeth ef al., 2008), and are considered as essential ecosystems for the renewal
of fisheries resources; many of the juvenile fish living in estuaries being commercially
important marine species (Cowley et Whitfield, 2002; Houde et Rutherford, 1993; Lamberth
et Turpie, 2003). Quality of these coastal nurseries is crucial for the fish early life-stages
(Florin, Sundblad et Bergstrom, 2009) and is linked to complex interactions between biotic
factors (i.e. population density, inter-specific competition) and abiotic parameters (i.e.
temperature, salinity, dissolved oxygen, sediment nature, food availability,...) (Ramos, Ré et
Bordalo, 2009; Yamashita, Tanaka et Miller, 2001). Nevertheless, estuaries are also
characterized by a high level of human activities and display frequently high levels of

xenobiotics in water and sediment (Courrat et al., 2009)

The flatfish are particularly sensitive to the effects of pollution, as benthic species
tightly linked to sediments which are frequently contaminated by complex mixtures of toxics
(Johnson et al., 1998). In this study, the responses of the European flounder (Platichthys
flesus) were explored in three estuaries in the English Channel; the flounder being considered
as a pertinent sentinel species for the diagnostic of the water quality in Europe (Laroche et
al., 2012; Williams et al., 2011). Moreover, the European flounder juveniles stay two or three

years in estuary, until the maturation process (Skerritt, 2010; Stevens, Maes et Ollevier,
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2006); thus, they showed an increase of cellular damage, energetic request and detoxification

rate related to the growing exposure time to stress in polluted estuaries (Evrard et al., 2012).

In the present study, the fish responses were compared in three contrasted estuaries
over the English Channel : the Tamar in England and the Seine and Canche in France.
Hagger et al (2008) compared the responses of Mytilus edulis in several estuaries along the
South-West coast of England, and considered that the Tamar estuary is a site at risk; the
mussel displaying in this system low phagocytosis activity, high lysosomal damage and high
acetylcholinesterase activity. Mining was a feature of the Tamar for at least nine centuries
(Langston et al., 2003), thus load of tin, copper, lead, silver, iron, arsenic, zinc, tungsten and
manganese could be high in the sediment. On the other hand, the PCBs and PAHs
concentrations could be low (Langston et al., 2003; Law et al., 1997), thus low 7-
ethoxyresorufin O-deethylase (EROD) activity was detected in Tamar Eels (Anguilla
anguilla) (Doyotte et al., 2001).

The Canche estuary was considered as a pristine site in previous studies (Amara ef al.,
2007; Amara et al., 2009; Gilliers, Amara et Bergeron, 2004); the heavy metals and PAHs
concentrations being lower in Canche vs in Seine sediments. Furthermore, the fish showed
higher condition index and marked growth rate in Canche vs Seine (Amara et al., 2007,
Amara et al., 2009). The Seine estuary undergoes a diffuse contamination (complex mixture
of chemicals: heavy metals, PCBs, PAHs,,...) similar to the one reported in heavily polluted
estuaries of North America (Munschy et al., 1996); thus, this high pollution level can induce
high EROD activity (Minier et al., 2000) and reduced fecundity (Marchand et al., 2004) in

the Seine flounder population.

A population genetics study was recently conducted on the European flounder,
considering the three previous systems (Tamar, Canche and Seine) and other southern
estuaries, along the Atlantic coast (Calves, 2011); the exploration of the polymorphism of a
candidate gene involved in the energetic metabolism, the AMP-desaminase isoform 1
(AMPD1), was carried out focusing on the exon 1, and underlined the highest heterozygosity
in the most polluted populations (Seine, Tamar) and their marked genetic differentiation with
the other group of populations including the Canche. Finally, this population genetics study
suggests that cocktails of pollutants act as selective agents directly or indirectly on the
AMPDI1 locus, in chronically contaminated flounder populations in the British Channel
(Calves, 2011). The comparisons of liver proteomes in the European flounder from the

previous Channel estuaries, also confirmed that the Seine and the Tamar displayed common
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trends which differentiate them from the Canche, i.e. an increase of the energetic metabolism,
oxidative stress and detoxification process, which could be related to the high level of

chemical stress (Galland et al., 2012).

Considering the pertinence of the European flounder as a sentinel species, and the
previous genetics and proteomics approaches conducted on this species over the English
Channel, the main objective of the present study is to improve our knowledge on the impact
of chemical stress on flounder, considering several molecular and physiological biomarkers
in the previous estuaries (Tamar, Canche, Seine).. The measure of condition factor was
considered as a global indicator of fish health status. The immune system responses were
explored by the measure of phagocytosis capacity of anterior kidney cells and by the
assessment of the liver gene expression level of the Complement component C3 (C3) and of
the tumor necrosis factor receptor (TNF-R). TNF-R is a protein of the TNF system,
implicated in apoptosis and cellular necrosis (Smith, Farrah et Goodwin, 1994). Moreover the
TNF system and complement are involved in inflammatory responses (Bayne et al., 2001;
Wang et al., 2012; Watts, Munday et Burke, 2001). C3 is the central protein of the
complement system which is implicated in the modulation of phagocytosis, lysis of cells and
inflammatory response (Boshra, Li et Sunyer, 2006; Qi et al., 2011; Ye et al., 2011). The
liver gene expression levels of Cytochrome P450 1A1 (CYPIA1) and betaine homocysteine
S-methyltransferase (BHMT) were also assessed; CYP1Al playing a major role in the fish
biotransformation of many xenobiotics (Sarasquete et Segner, 2000) and BHMT being also
involved in fish detoxification process and/or oxidative stress response (Evrard et al., 2010a;
Marchand et al., 2006). Lastly, the Cytochrome C oxidase (CCO) enzymatic activity was
measured, CCO being the complex IV of electron transport chain of the mitochondria; thus
CCO could be considered as a potential proxy of the fish metabolic capacity (Cohen, Gagnon
et Nugegoda, 2005; Pelletier et al., 1994)

2 MATERIALS AND METHODS

2.1 Fish sampling and cell preparation

Juveniles were collected by a beam-trawl in September-October 2009 and 2010, in
three estuaries over the Channel (Fig. 1): the Canche (n=30, in 2009 and 2010), the Tamar
(n=30 in 2009) and the Seine ( n=30 in 2009; n=34 in 2010). Fish were killed by cervical

dislocation, just after the catch. Their total length and total and gutted-carcass weight were
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measured. The liver and a part of muscle were flash-frozen and stored at -80°C. Otoliths were

removed for ageing.

The head kidney of each fish was aseptically removed. Pronephric cell suspensions
were obtained by homogenization of head kidney with a syringe valve against a steel grid
with 1ml of medium. The medium used throughout the assays, consisted of steril RPMI 1640
supplemented with 10% (v/v) fetal bovine serum (FBS) from Biomedia (Montreal, Quebec,
Canada), 0.5 mg/mL sodium pyruvate, penicillin (100 U/mL)/streptomycin (100 mg/mL), and
buffered with 10 mM Hepes (pH 7.4) (Brousseau et al., 1999). Cells were counted with
hemocytometer by the microscope, using trypan blue dye exclusion (0.4%). Viability was

over 90%.

4| 60°N

40°N

20°N
30°wW 0° 30°E
Fig. 1 The three sampling sites in the British Channel

2.2 Biometric indexes

The body condition factor (CF) was calculated by the formula: CF = 100 x W / L’
where W is gutted-carcass weight (g) and L is standard length (mm) of each fish.

Age of each fish was assessed by reading otoliths by a binocular.
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2.3 Metals analysis

For each estuary, three pools of three liver samples (~100 mg) were mineralized in 3
mL nitric acid (65%, Suprapur, Merck). After dilution (10 mL), concentrations of Copper
(Cu), lead (Pb) and Cadmium (Cd) were assessed by graphite furnace atomic absorption
spectrometry (GFAAS).

A Perkin-Elmer SIMAA 6100 working in the single element monochromator mode was
used for all atomic absorption measurements. End-capped pyrolytic coated graphite tubes
equipped with integrated platforms were used. The inert gas was argon. Samples were
delivered to the furnace using a Perkin-Elmer AS-800 auto-sampler and stored in acid
washed polypropylene cups prior to injection. The light sources were Perkin-Elmer hollow
cathode lamps. Calibration curves were drawn up and, when necessary, solutions were
diluted before measurements were taken. Dilutions were carried out with calibrated Gilson
Pipetman pneumatic syringes. For the determination of Cu, a 2300 °C atomization
temperature was used; for Pb and Cd, a 1800 °C atomization temperature was used. Furnace
programs have been optimized in previous works (Cabon et al., 2007; Salomon, Giamarchi et
Le Bihan, 2000). No pretreatment step was used for the determination of metals in these
different solutions. The detection limits of metals were respectively: 0.2 ug I'' for Cu, 0.05

ng I'! for Cd, and 0.5 ug "' for Pb.

Standard solutions of Cu, Pb and Cd (1 g.L"' in 0.5 M HNO3, Merck solutions) were

used to build calibration curves. All dilutions were prepared in Milli Q water (18.2 MQ cm™).

2.4 CCO (Cytochrome C oxidase)

CCO activity was measured at 22°C by a microplate spectrophotometric assay in
muscle S9 fraction (Smith et Conrad, 1956; Théron, Guerrero et Sebert, 2000). Absorbance
changes were monitored at 550nm during 8min. Protein concentrations were determined by
the method of Bradford using bovine serum albumin as a standard (BIO-RAD Laboratories,

USA).

2.5 Phagocytosis

Capacity of phagocytosis was assessed by the method described by Brousseau et al.
(1999). Briefly, fluorescent latex beads (d=1.7pum, Polysciences, Warrington, USA) were
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added to pronephric cell suspensions (10°cells/ml) in order to respect the 100:1 beads to cell
ratio. The cells were incubated 18h at ambient temperature (20°C+1). Then, cell suspension
was layered over a 3% bovine serum albumin gradient and cells recovered by centrifugation
at 150g for 8 min in order to remove the free beads. Cell pellets were then resuspended in 0.5
ml of 0.5% formaldehyde and 0.2% sodium azide diluted in phosphate buffer saline (PBS).
Cells can be kept in one week. Cells were analyzed by flow cytometer (FACSCalibur
cytometer, Becton Dickinson, San José, USA) and 10000 events were recorded. The
efficiency of phagocytosis was determined by the percentage of cells having three or more

beads in macrophage gate.

2.6 Gene expression

The procedure used to measure the gene expression level is similar to that described by

Calves (2011).

Total RNA was isolated using Trizol reagent (Applied Biosystems) at a concentration
of Iml/50mg of tissue. Each liver was homogenized in Trizol using a Precellys-24 ceramic
bead-based homogenizer (Bertin Technologies). Samples were treated with RTS DNAse Kit
(MO BIO) to prevent DNA contamination. The purity and concentration of sample were
determined using a NanoDrop 8000 spectrometer (Thermo Scientific). Purity was assessed
using the ration A260/A230 and A260/A280. RNA quality was assessed using the 2100
Bioanalyzer Agilent (Agilent Technologies) or by migration on agarose gel (1.5%). Reverse
transcription (RT) was carried out using 1ug total RNA from each sample with RevertAid H
minus First Strand, cDNA Synthesis Kit® (Fermentas). A RT was carried out using a RNA
mixture of samples come from each experimental condition. This mixture is a control used on

each run of real-time PCR.

The mRNA expression level was explored for the following genes: BHMT, C3, TNF [J
and CYP1A1. Two housekeeping genes were tested : alpha-tubulin and 18S. No significant
differences of Ct were observed for alpha-tubulin between the control and the contaminated
fish; furthermore Alpha-tubulin showed the lowest variation coefficient, and thus was
retained as the housekeeping gene in our analysis. Primers of CYP1Al, Alpha-tubulin, 18S
and BHMT were obtained in the literature (Table 1). Primers of C3 and TNF-R were
designed considering the sequences available on GENEBANK and using Primer 3 software

(Rozen et Skaletsky, 1999).
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Table 1. Primer sequences used to RT-PCR

Gene Forward (5' to 3') Reverse (5'to 3') origin

a-Tubuline CAC-AGC-CTC-ACT-TCG-TTT-TG AGA-TGA-CAG-GGG-CAT-AGG-TG Leaver et al. (2010)
18S GTC-TGG-TTA-ATT-CCG-ATA-ACG-AAC-  TGC-TCA-ATC-TCG-TGT-GGC-TAA-ACG-  Eypard et al. (2010)

GAG-ACT-CTA CCA-CTT-G

CYPIA]l GCC-AAC-GTG-ATC-TGC-GGA-ATG AAG-CCG-ACC-AGC-TCC-TGA-TC Calves et al. (2011)
BHMT  AGA-GAG-GCC-TAC-AAG-GCT-GG GTG-TGC-ATC-TCC-AGA-CCA-GCG-C Evrard et al. (2010)
TNF-R  CAG-CCG-AAT-CTC-AGT-GAT-GG CAG-TTG-GAT-GCC-AAG-TCA-GC design of ES443667.1
C3 ACG-ATG-AAA-GTG-GGC-GTC-TT TGC-AGT-TCT-CTT-CGG-CAC-AT design of EC379465.1

The real-time PCR (RT-PCR) amplifications were carried out in triplicate with the
Absolute QPCR SYBR Green ROX Mix (Thermo Scientific) The final volume of reaction
was of 25ul with 1pul of cDNA (1/40 dilution), 12,5ul of ABsolute QPCR SYBR Green Mix
(Thermo Scientif), 1.75ul of each primer (1uM) and 8 pl of water. A negative control was
carried out (each total RNA sample with DNAse treatment). Each run included cDNA of
sample, cDNA of mixture used like control and blank controls (water) analyzed for each
primer pair. The RT-PCR were carried out using a 7300 Real-Time PCR System (Applied
BiosystemsTM) with RT-PCR thermal cycling program as follow : 50°C for 2 min, 95°C for
10 min, then 40 cycles at 95°C for 15s follow by Imin at 60°C. A melt curve was carried out
to confirm the specificity of the reaction with the program following: 95°C for 15s, 60°C for
30s and an increase of temperature by 0.5°C each 15s to 90°C. PCR eftficiency (E) was
determined for each primer pair by determining the slopes of standard curves obtained from
serial dilution analysis of cDNA. Relative expression of the target gene was calculated with

the Pfaffl formula (2001) using Alpha-tubulin like reference  gene

(Etarget)ACPtarget(control—sample)

(E )ACPref(control—sample)
ref

ratio = . The ratio of a target gene is expressed in a sample

versus a control in comparison to a reference gene. Eqroe is the real-time PCR efficiency of
target gene transcript; E..r is the real-time PCR efficiency of a reference gene transcript;
ACPyqrge 1s the CP deviation of control — sample of the target gene transcript; ACPs = CP

deviation of control — sample of reference gene transcript.

2.7 Statistical analyses

Statistic tests and box plot graphs were carried out using Statistica 10.0 (StatSoft). The
variables were not normally distributed, so the Kruskal-Wallis (KW) test was used for inter-
condition comparisons. When KW test was significant (p < 0.05), it was followed by a post-

hoc test: a multiple bilateral comparisons of mean ranks.
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The relationships between quantitative data (L, CF, phagocytosis, CCO and the gene
expression level for C3, TNF-R, CYPIAl and BHMT) were investigated using

nonparametric tests (Pearson’s correlation).

3 RESULTS

3.1 Metals analysis

Over the three estuaries, the lowest concentrations of liver metals (for Cu, Pb or Cd)
were detected in the Canche estuary (Table 2). The concentration of Cu and Pb in fish liver
was respectively five and two times lower in the Canche compared to the Seine and Tamar.
On the other hand, the Cd level appeared very low in the Canche compared to the other
estuaries; it was 30 times and 240 times lower in the Canche compared respectively to the

Seine and Tamar (Table 2).

Table 2. Loads of metals detected in liver of flounder young juveniles (0+ cohort) from the Seine, Canche
and Tamar

Cu(pgg-l) Pb(uggl) Cd(uggl)
Canche 1.833 +0.31 0.087 + 0.03 0.009 + 0.001
Seine 92+0.73 0.19+0.11 0.257 +0.03
Tamar 8.6+ 1.67 0.127+0.01 2.167+1.16

3.2 Biometric indexes

In 2009, the condition factors of the young of the year cohort (YOY or 0+) collected in
the Seine and the Tamar estuaries were lower than the one estimated for the Canche (Fig 2).
Furthermore, in the same year, the average fish length in Canche was lower than those
observed in Seine and Tamar (Table 3). In 2010, no significant difference of the condition
factor was detected between estuaries, whatever the considered cohort: 0+ or 1+ (Fig 2), but
the average fish length of the 1+ cohort was higher in Seine compared to Canche (Table 3).
Finally, the average fish length of the 0+ cohort in Seine was lower in 2010 compared to

2009 (Table 3).

72



Chapitre 3 : Approche multimarqueurs sur le flet, Platichthys flesus, dans la Manche

1.3
1.2
11
1.0
0.9
0.8
0.7
0.6
0.5

a | ab a,b ab a,b
|
b b |
| I |
|
|
I
I
|
i
| | o Median
| 0 25%-75%
\ IMin-I'u'Iax
Co+ S0+ TO+ ' CO+ C1+ S0+ Si+
2009 | 2010

Fig 2. European flounder condition factor in the Canche (C), Seine (S) and Tamar (T), considering 0+ and
1+ cohorts. (Statistics: letters indicate significant differences between populations; P<0.05)

Table 3. Average fish total length = SD, of the 0+ and 1+ cohorts in the Canche (C), Seine (S) and Tamar
(T). (Statistics : * significant difference between estuaries, in the same year (p<0.05), # significant
difference within the same estuary, between 2009 and 2010 (p<0.05))

3.3 CCO

total length + SD

2009
co+ 10.2+ 1.0 *
SO+ 135+ 1.7
TO+ 11.8 + 2.1
2010
co+ 9.65 + 1.4
Cl+ 12.0+3.2
SO+ 9.75+ 1.7 #
S1+ 17.9+3.2 *

In 2009 and 2010, the Seine YOY cohort showed a higher CCO activity compared to
the one observed for the Canche YOY cohort (Fig 3); no significant difference of CCO

activity was observed between Tamar and Canche in 2009. In 2010, no significant difference

in the CCO activity of the 1+ cohort was detected between Seine and Canche (Fig 3).
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Fig 3. CCO activities of flounders from the Canche (C), the Seine (S) and the Tamar (T) considering 0+
and 1+ cohorts. (Statistics: letters indicate significant differences between populations; P<0.05)

3.4 Phagocytosis

0+ and 1+ cohorts showed a significantly lower phagocytosis capacity in Seine

compared to Canche (Fig 4).
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Phagocytosis (% of cells)

Fig 4. Phagocytosis capacity (percentage of cells that have engulfed three beads and more) of flounders
from the Canche (C) and Seine (S), considering 0+ and 1+ cohorts. (Statistics: letters indicate significant
differences between populations; P<0.05)
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3.5 Gene expression

In 2009, no significant difference was detected between the YOY BHMT expression
levels in the Canche vs in the Tamar estuaries (Fig 5). In 2010, an up-regulation of the YOY
BHMT expression level was observed in Seine compared to Canche; this trend between the

two estuaries being not confirmed for the 1+ cohort..

No significant difference of CYP1Al expression level was detected between the

estuaries, in 2009 as in 2010, considering the 0+ or 1+ flounder cohorts (Fig 5).

No significant difference of the C3 expression level was detected between the YOY
cohorts in Canche vs Seine; on the other hand, a significant C3 up-regulation was observed in

Seine vs Canche considering the 0+ and 1+ cohorts (Fig 5).

A general up-regulation of the TNF-R expression level was apparent in Tamar-Seine vs

Canche, considering the 0+ and 1+ cohorts. (Fig 5).
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Fig S. Relative expression of 4 transcripts (BHMT, CYP1A1, C3 and TNF-R) in European flounders from
the Canche (C), Seine (S) and Tamar (T) considering 0+ and 1+ cohorts. (Statistics: letters indicate
significant differences between populations; P<0.05)
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3.6 Correlation between biomarkers

The correlation data revealed contrasted results between the estuaries; no significant
correlation between biomarkers was detected in the Tamar and Canche 0+ cohorts, whereas
two, three and eight significant correlations were observed respectively in the Canche 1+,

Seine 0+, Seine 1+ cohorts (Table 4 with Tamar data not showed).
Thus, correlations were detected between :

- phagocytosis and C3 expression (R=0.68), CYPIAI and C3 expressions (R=0.71), in the

Canche 1+ cohort;

- phagocytosis and condition factor (R=-0.94), CCO and condition factor (R=0.83), CYP1A1
and BHMT expressions (R=0.83), in the Seine 0+ cohort;

- condition factor and BHMT (R=-0.60), condition factor and CYP1A1 level (R=-0.63), CCO
and BHMT (R=0.61), C3 and BHMT expressions (R=0.58), CYP1A1 and BHMT (R=0.77),
C3 and TNF-R expressions (R=0.49), C3 and CYPIAI expressions (R=0.44), and finally
TNF-R and CYP1A1 expressions (R=0.47), in the Seine 1+ cohort

Table 4. Pearson’s correlation between standard length (L), condition factor (CF), phagocytosis capacity
(phago.), CCO activity and expression of 4 transcripts (BHMT, CYP1A1, C3 and TNF-R) measured in
flounder 0+ and 1+ cohorts, from the Seine and Canche in 2010. (red values in the matrix were
significantly different from 0, with p<0.05).

Seine - YOY Canche - YOY
L CF  phago. CCO BHMT C3 TNF-R CYP1Al L CF  phago. CCO BHMT C3 TNF-R CYP1Al

L 1.00 -0.13 0.03 -043 0.77 049 -0.10 0.37 L 1.00 026 -041 -0.31 -048 -0.12 0.04 -0.26

CF 100 -094 083 -049 043 -020 -043 CF 100 024 -0.07 -046 0.12 -068 -0.15
phago. 1.00 -0.77 043 -066 0.10 049 phago. 100 0.18 -021 032 0.19 -048
Ccco 1.00 -060 040 -040 -0.60 CCO 1.00 -0.38 0.13 -045 -0.02
BHMT 100 0.26 -0.50 0.83 BHMT 1.00 0.07 -026 0.21
C3 1.00 -0.20 -0.03 Cc3 1.00 -0.29 042
TNF-R 1.00 -0.70 TNF-R 1.00 0.05
CYP1A1 1.00 CYP1A1 1.00

Seine - 1+ Canche- 1+
L CF  phago. CCO BHMT C3 TNF-R CYP1Al L CF  phago. CCO BHMT C3 TNF-R CYP1Al

L 1.00 -0.02 -026 -043 -0.19 -0.31 022 0.29 L 1.00 -067 -0.27 -022 -0.02 -053 0.50 -0.25

CF 1.00 0.17 0.29 -0.60 -0.32 -0.11 -0.63 CF 100 024 0.01 -0.08 0.22 -048 -0.04
phago. 1.00 -0.27 -0.25 0.12 -0.08 -0.25 phago. 1.00 -054 0.10 0.68 -047 042
Ccco 100 061 052 024 -0.08 cco 1.00 -044 -024 -0.11 -0.38
BHMT 100 0.58 0.39 0.77 BHMT 1.00 0.27 025 0.53
Cc3 1.00 049 0.44 C3 1.00 -0.14 0.71
TNF-R 1.00 047 TNF-R 1.00 -0.12
CYP1A1 1.00 CYP1A1 1.00
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4 DISCUSSION

4.1 Contaminant load in fish tissue

In the present study, the analysis of heavy metals in fish liver (Cu, Pb, Cd) underlined
limited metallic concentrations in the Canche estuary, compared to the polluted sites: the
Seine and Tamar. This analysis confirms the pristine character of the Canche estuary, where
low levels of heavy metals and PAHs were detected in previous studies on sediments of the
Canche (Amara et al., 2007; Amara et al., 2009). A high Cd concentration in adult flounder
liver was also detected in the past for the Seine estuary (average Cd concentration = 0.9 pug.g -
" in Marchand et al. 2004); this three times higher Cd concentration relatively to the present

study on juveniles in Seine, being probably explained by bioaccumulation linked to fish
aging.

Furthermore, in the present study, the Cd concentration in fish liver from the Tamar
was 10 and 240 times higher than those detected respectively in the Seine and Canche and

confirmed that the ancient mining activities (Langston et al., 2003) led to a chronicle metallic

contamination in the Tamar estuary.

4.2 Biometric index

The condition factor is considered in the bibliography as a proxy of the fish health
status, based on the general assumption that, for a given length, the heavier fish are in better
condition (Froese, 2006). Thus the condition factor could be considered in ecotoxicology as a
first-level screen to identify the impact of a potential chemical stress (van der Oost, Beyer et
Vermeulen, 2003). For example, Amara et al. (2007) underlined that the juvenile soles (Solea
solea) displayed a higher condition factor in the Canche compared to polluted sites in the

same arca.

In the present study, the significantly lower condition factor for the 0+ cohort in the
polluted Seine and Tamar estuaries compared to the Canche in 2009, was not confirmed in
2010 where no difference was detected between the estuaries, considering the 0+ and 1+
cohorts. We suggest that in 2009, the limited flounder condition factor in Seine and Tamar
could indicate a poor fish health status in polluted systems, whereas in 2010 confounding

factors not directly linked to the pollutants (abundance of prey (Dutil, Lambert et Chabot,
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2003), salinity (Lambert, Dutil et Munro, 1994), sex and climate (Guimaraes et al., 2009;
Lambert et Dutil, 1997)) could mask the impact of chemical stress.

4.3 Energetic metabolism

The Cytochrome C Oxydase (CCO) forms complex IV of the mitochondrial chain, and
catalyses the transfer of electrons from reduced cytochrome c¢ to molecular oxygen
(Tsiftsoglou, Tsamadou et Papadopoulou, 2006); thus, the CCO activity is an indicator of
aerobic metabolism (Gagnon et Holdway, 1999). Several experiments highlighted a CCO
activity decrease in fish submitted to petroleum hydrocarbons (Cohen, Gagnon et Nugegoda,
2005) or metals (Couture, Rajotte et Pyle, 2008). Other experimental contaminations could
lead to an enhancement of fish CCO activity (e.g. Gagnon, 2002; Garceau, Pichaud et
Couture, 2010).

In the present study, the 0+ cohort displayed a higher CCO activity in Seine vs Canche,
in 2009 and 2010. On the other hand, the CCO activities of the Tamar 0+ cohort and of the
Canche and Seine 1+ cohorts were similar to the Canche 0+ cohort activity. We suggest that
the high level of chemical stress in the Seine could increase the aerobic respiration of young
juveniles, thus reflecting the energetic cost displayed by fish to cope with the stress; in such
increasing cost contex, the positive correlation between the CCO activity and the condition
factor highlights that a high metabolic rate is necessary to maintain fish condition. A similar
increase of the energetic production was observed for flounder young juveniles exposed to
the growing effect of pollutants from summer to autumn in a contaminated estuary (Evrard et

al., 2012).

The baseline level of the CCO activity observed for the Seine 1+ cohort (similar to the
Canche 1+ cohort CCO level) could be linked:

(1) to the effect of increasing age and decreasing growth rate classically described for
juvenile fish in estuaries (Fonseca, Vinagre et Cabral, 2006), thus allowing a better
capacity for fish to respond to stress;

(2) to a possible selective pressure induced by contaminants on genes involved in the
energetic metabolism (Calves, 2011), that could select in the population the genotypes

able to reduce the energetic cost of the stress response.

The apparent absence of any pollution effect on the CCO activity of the Tamar 0+

cohort could be linked to the differential nature of the cocktail of contaminants in this system,
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mainly characterized by heavy metals, compared to the Seine displaying a complex mixture

of pollutants linked to domestic, industrial and agriculture effluents (Cachot et al., 2012).

4.4 Detoxification activities

As methyl transferase could step in phase II conjugation reactions, BHMT has been
proposed to act as a detoxification enzyme and/or to be involved in oxidative stress response
(Evrard et al., 2010b; Marchand et al., 2006). In the present study, the up-regulation of the
BHMT expression was only observed for the 0+ cohort in the heavily polluted Seine system
compared to the same cohort in the pristine Canche system; no alteration of the BHMT
expression being detected in the polluted Tamar estuary. This differential BHMT regulation
in flounder 0+ cohort in Seine vs Canche strengthens our previous hypothesis on the different

nature of the chemical stress in these two systems.

No significant alteration of the CYPIAI expression was observed in the polluted
systems (Tamar and Seine) vs the pristine estuary (Canche), considering the 0+ and the 1+
cohorts. The Tamar pollution was mainly characterized by high concentrations of heavy
metals but moderate levels of PCBs and PAHs (Langston et al., 2003; Law et al., 1997), thus
inducing low EROD activity particularly in the Eel, Anguilla Anguilla (Doyotte et al., 2001).

In the present study, the lack of flounder CYPIA mRNA induction appeared more
surprising in the Seine; this estuary being highly contaminated by PCBs and PAHs and thus
showing significant induction of EROD activities in adult flounders (Minier et al., 2000).
However, the expression level of the CYP1Al is not always correlated with the EROD
activity; a time-lag may exist between mRNA production and protein formation and the level

of many proteins is post-transcriptionaly regulated (Nikinmaa et Rytkonen, 2011).

The limited CYPIA1 expression level in the Seine could be also related to the
chronically contaminated sediments displaying very high concentrations of PAHs and PCBs
(Cachot et al., 2012). The fish CYPIAI system may become unresponsive after long-term
exposure to PAHs, an experimental contamination showing a significant CYP1AI induction
after a one month exposure period, but no effect after a six months exposure (Reynolds et al.,
2003). Moreover, several inhibitors of CYPIA system like some sex steroids (Goksoyr et
Larsen, 1991; Kirby et al., 2007) or heavy metals (Al-Arabi et Goksoyr, 2002; Viarengo et
al., 1997) could be present in the heavily polluted Seine estuary. The last suggestion could be
that the low CYP1AI induction in the Seine is the result of an adaptation of the population
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submitted to strong contamination over several decades (Wirgin et Waldman, 1998). In the
future, the possible trend detected for the low CYP1A1 in the Seine should be confirmed at
the protein level, measuring the EROD activity.

In the Seine estuary, a positive correlation was detected between the expressions of
BHMT and CYP1Al, for the 0+ and 1+ cohorts; furthermore, the negative correlations
between BHMT and CF, or between CYP1A1l and CF were only observed in the 1+ cohort.
We suggest that the previous correlations specifically detected in the heavily contaminated
Seine could be the consequence of a possible adaptation to chemical stress: the selective

pressure could retain in this population two main fish physiological orientations:

- individuals showing high detoxification capacity, but a possible physiological cost

associated to this detoxification, i.e. a reduced condition factor
- individuals showing a reduced detoxification capacity, but a higher condition factor.

Finally, the present study should confirm the previous results on the physiological cost of

tolerance to toxicants, in the European flounder along the French Atlantic coast (Marchand et

al., 2004).

4.5 Immune responses

TNF-R is the fish tumor necrosis factor receptor of TNF a (Park et al., 2003). The C3
complement and TNF system play a major role in the fish immunity, being involved in
numerous innate and acquired immune responses (Kerr ef al., 2008; Q1 et al., 2011). The up-
regulation of C3 and TNF-R mRNA levels was observed in European flounder exposed to
PAHs and PCBs mixtures (Dupuy et al., in submission). Moreover, TNF-R system and
complement system are implicated in inflammation process (Bayne et al., 2001; Wang et al.,
2012; Watts, Munday et Burke, 2001) that could be associated to the fish response to high
concentrations of contaminant (e.g. Leaver et al., 2010; Pacheco et Santos, 2002; Sheir et

Handy, 2010).

In the present study, up-regulation of the C3 and TNF-R expressions were detected in
Seine compared to Canche, for the 0+ and 1+ cohorts; while only the TNF-R up-regulation
was observed in Tamar compared to Canche. We suggest that the higher expression level of
these two genes could indicate a higher infection rate in Seine fish and possibly in Tamar

fish; however this hypothesis must be considered cautiously, because Seine fish also
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displayed a decrease phagocytosis capacity which is in conflict with an activation of the
immune system due to infection. Furthermore, the Seine 1+ cohort showed positive
correlations between the expression levels of C3, TNF-R, and CYP1A1, underlining the links
between the immune responses and the detoxification process in heavily contaminated

systems.

The Tamar vs Canche flounders displayed an up-regulation of the TNF-R mRNA
expression but no difference in C3 mRNA expression. Similar trends were detected on
European sea bass exposed to light cycle oil (up-regulation of TNFa, no variation in C3
mRNA expression; in Bado-Nilles et al. (2011); furthermore, an increasing activity of the
alternative complement pathway was observed in this experiment. Finally, in the Tamar, we
suggest that the TNF-R up-regulation probably induced by the high metallic stress, could
indicate an increase of apoptosis and cell necrosis in the flounder liver, as observed in
different cellular models (Smith, Farrah et Goodwin, 1994). Further histopathological
investigations should be conducted in the flounder liver to confirm this hypothesis in the
Tamar estuary; an epidemiological survey on histopathological liver lesions confirming that
0+ European flounders may serve as valuable bioindicators for assessing the health status of

euryhaline fish populations (Cachot et al., 2012).

The phagocytosis capacity is a widely used biomarker in ecotoxicology, particularly for
the fish and mollusk models (Bols et al., 2001b; van der Oost, Beyer et Vermeulen, 2003);
thus, many xenobiotics can inhibit the activity of macrophages leading to a decrease of their
phagocytosis capacity (Bols ef al., 2001b; Fournier et al., 2000). For example, Danion et al
(2011a) observed a decreased in phagocytosis activity of sea bass (Dicentrarchus labrax)
exposed to chronic hydrocarbons pollution. In the present study, both 0+ and 1+ flounder
cohorts in the heavily polluted Seine displayed a lower phagocytosis capacity compared to
fish from the pristine Canche. The phagocytosis capacity was negatively correlated with the
condition factor, particularly in the Seine 0+ cohort. The previous result underlines that the
phagocytosis is an energy-demanding process for fish; a similar trend being observed for the
mollusks where a positive correlation between phagocytosis and condition factor or

metabolic activity was detected (Blaise et al., 2002).
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4.6 Conclusion

In the present study, the contamination load in fish tissue as the muliparametric
approach conducted on juvenile flounders, confirm the differential level of contamination in
the sampled estuaries; the Canche being characterized as a pristine site, the Tamar and the
Seine displaying a high level of chemical stress induced respectively by heavy metals and

complex mixtures of pollutants (PCBs, PAHs, heavy metals,..).

Fish health status estimated by the condition factor could indicate a lower condition in
the polluted systems: Tamar and Seine. Gobally, the biomarker responses for juvenile
flounders (considering energetic metabolism, detoxification activity and immune responses)
are poorly marked in the Tamar estuary, and clearly detected in the Seine system. A high
number of correlations between biomarkers was observed, particularly in the heavily polluted
system, i.e. the Seine, where the activities of detoxification were positively correlated with
the levels of immune responses, but could be negatively correlated with the condition factors.
We suggest that these physiological orientations could be the results of a selective pressure

induced by the contaminants, particularly in the Seine estuary.

Finally, our results confirm the relationship between the immune system and the
detoxification processes in heavily polluted systems (Reynaud et Deschaux, 2006; Reynaud,
Raveton et Ravanel, 2008). We demonstrate that the immune responses of juvenile flounders
to heavy metals or to mixtures of pollutants are complex, but could become very pertinent
biomarkers to estimate the quality of estuarine waters and the health status of estuarine fish

populations.
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1 INTRODUCTION

Les études réalisées sur le flet aussi bien en conditions expérimentales que sur le terrain
ont montré la pertinence de [’utilisation de différents biomarqueurs, au niveau du
métabolisme énergétique, des activités de détoxication, du systéme immunitaire. Dans ce 4°™
chapitre, ces outils ont été appliqués a une autre espece, le poulamon (Microgadus Tomcod),
¢chantillonné dans des environnements contrastés au Québec. Le poulamon est une espéce
dont la réponse a la pollution a été étudiée dans la riviere Hudson et dans I’estuaire du Saint
Laurent. Wirgin et al (2011) ont notamment démontré dans I’Hudson qu’une forte pression de
sélection liée a la pollution a conduit a un rapide changement évolutif du géne codant AHR2
qui se traduit par une résistance de cette population aux hydrocarbures aromatiques halogénés

HAHs. Des études sur les poulamons capturés dans le Saint Laurent suggerent qu’ils ne

présentent pas ce caractere de résistance.

Pour des contraintes matérielles et techniques, il n’était pas possible de réaliser des
mesures d’expression de geénes sur le poulamon, nous avons donc choisi ici de compléter
nos explorations en utilisant la cytométrie pour mesurer non seulement la capacité¢ de
phagocytose, comme précédemment, mais également le cycle cellulaire et la quantité de
métallothionéine dans les cellules du pronéphros. De plus, la mesure de CYP1A1 n’étant pas
réalisable, nous avons choisi de quantifier I’activité enzymatique qui en découle : I’activité
EROD. Comme pour le flet, I’activité¢ de la CCO a été évaluée, le CF ayant été complété avec
d’autres indicateurs biométriques : HSI et GSI. La mesure du GSI a permis de séparer les
poissons de chaque site en 2 groupes : les poissons immatures (GSI faible) et les poissons en

cours de maturation (GSI fort) ; tous les poissons ayant moins de 3ans.

L’échantillonnage a été réalisé sur 4 sites contrastés : Cacouna (n=39), Riviere-Ouelle
(n=60), Sept-iles (n=33) et Penouille (n=44). Les sites de Cacouna et Riviére-Ouelle sont
situés dans I’estuaire du Saint Laurent et ne présentent pas de contamination connue. Le site
de Penouille, situé dans la Baie de Gaspé, est fortement contaminé aux métaux lourds et
notamment au cuivre ; ce stress métallique étant 1i¢ a ’existence en amont d’une ancienne
mine (mine de Murdochville). Le site de Sept-Iles, Iui aussi situé dans une baie, est un site
trés industrialisé et portuaire, caractérisé notamment par une pollution notamment aux
butylétains, a ’arsenic et au cuivre. Les sites de Cacouna et Riviere-Ouelle, étant situés dans

le Saint Laurent, ils présentent une plus faible variation de salinité (12 a 27psu) que les sites

84



Chapitre 4 :Approche multimarqueurs sur le poulamon, Microgadus tomcod, dans [’estuaire du St. Laurent

de Sept-iles et Penouille qui peuvent étre fortement influencés par les arrivées d’eaux douces
(5 a 30psu). De plus, le site de Penouille présente un hydroclimat particulier par rapport aux
autres sites ; il présente ainsi des écarts de température moins marqués, des températures

hivernales plus élevées et une couverture de glace moins persistante.

L’objectif ce travail était d’évaluer si 1’utilisation de multiples biomarqueurs sur le

poulamon permet de rendre compte de la qualité des eaux estuariennes.

2 RESULATS ET DISCUSSION

L’ensemble des résultats est présenté de manicre synthétique dans le Tableau 4. Une
analyse en composantes principales (ACP) a également été réalisée afin d’appréhender la
variabilité inter-estuaires, en prenant en compte tous les marqueurs. Les résultats de 1’activité
de la CCO ne sont pas présentés dans l’article, car ils ne mettent pas en évidence de
différence inter-estuaires ; ils sont cependant intégrés a I’ACP, pour explorer les relations

possibles entre biomarqueurs.

Tableau 4. Récapitulatif des résultats des différents biomarqueurs et indicateurs utilisés au court de cette
étude. Phago=capacité de phagocytose, cycle=% de cellules en phase G2/M, indiv.=individu, reins
a.=reins antérieur ou pronéphros, cyto=cytométrie, activ.=activité enzymatique par mesure
d’absorbance ou de luminescence, imat.=immature et matur. = en court de maturation. n.m. signifie qu’il
s’agit d’un marqueur non mesuré dans cette condition, ref. correspond a la valeur de référence pour les
comparaisons, un ++ ou - - signifie que la valeur est plus de 2 fois supérieur ou inférieur a la valeur de

référence.
. , detoxification systeme immunitaire metabo. indices de condition
indice mesuré
MT EROD phago. cycle CCO CF HSI GSI
organe reins a. foie reins a. reins a. muscle indiv. indiv. indiv.
technique cyto. activ. cyto. cyto. activ. indice indice indice
terrain - Poulamon
Riviere-Ouelle - imat. ref. ref. ref. ref. ref. ref. ref. ref.
Riviere-Ouelle - matur. 0 0 0 0 0 0 + +
Cacouna - imat. 0 + 0 0 0 0 + 0
Cacouna - matur. 0 0 0 0 0 0 + +
Sept-iles - imat. 0 0 0 + 0 + + 0
Sept-iles - matur. + 0 - + 0 0 0 +
Penouille - imat. 0 ++ -- + 0 ++ 0 0
Penouille - matur. ++ 0 -- ++ 0 ++ 0 +

Le CF est plus élevé pour les poissons capturés a Penouille que sur les autres sites. De
plus, le CF et la longueur des poissons semblent plus élevés pour les poissons des sites situés

le plus a I’Est (Penouille et Sept-iles). La pollution ne semble donc pas entrainer de
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diminution de CF ; les variations de CF et de longueurs semblent plus liées a des conditions

hydroclimatiques différentes entre les sites.

La mesure du GSI a essentiellement permis de distinguer les poissons matures, des sud-
adultes. Le HSI est quant a lui plus élevé pour les poulamons capturés a Cacouna et Rivicre-
Ouelle. Cette augmentation peut étre liée a une induction d’enzyme hépatique ou a un
stockage d’énergie. Comme elle se semble par corrélée avec I’activité EROD, il est possible
que ces différences de HSI soient liées a un stockage de I’énergie différentiel entre les sites.
Chez les gadidés le contenu en énergie du muscle est largement associé a sa teneur en
protéines alors que celui du foie est essentiellement relié¢ a son contenu en lipides (Lambert et
Dutil, 1997). Par conséquent des différences de HSI pourraient s’expliquer par une allocation
de I’énergie différente entre les poulamons de Cacouna et Riviere-Ouelle, par rapport a ceux

de Sept-iles et Penouille, sans liens directs avec la pollution.

L’activité EROD est induite chez les poulamons immatures de Cacouna et Penouille,
mais ne révele pas de différences entre les sites pour les sub-adultes. Cette modification dans
les patterns d’activités EROD entre immatures et sub-adultes pourrait s’expliquer par un
changement dans I’exposition aux polluants di a une modification du régime alimentaire du
poulamon au cours de sa croissance. Cela peut également s’expliquer par la présence
d’inhibiteurs qui en s’accumulant dans 1’organisme conduiraient a la réduction de ’activité
EROD. Enfin, il est possible que cela soit la conséquence de phénomenes de sélection des
individus a activités de biotransformation les plus modérées, dans les milieux les plus

pollués.

A P'inverse de EROD, la MT n’est pas induite chez les immatures mais uniquement
chez les sub-adultes des sites de Sept-iles et Penouille. Ces 2 sites étant connus pour leurs
pollutions métalliques, la MT pourrait donc étre un marqueur pertinent de la présence de
polluants métalliques, mais il ne serait induit qu’au-dela d’un certain seuil de

bioaccumulation dans les tissus du poulamon.

Les marqueurs de I’état du systéme immunitaire montrent une nette distinction entre 2
groupes, les poissons de Riviere-Ouelle et Cacouna répondant différemment de ceux de Sept-
fles et Penouille. Les poulamons de Riviére-Ouelle et Cacouna montrent les plus fortes
capacités de phagocytose et un moins grand nombre de cellules en phase G2/M. Ces résultats
confirment la complexité des réponses immunitaires, évoquée sur le modele flet ; ainsi, sur
les sites de Sept-iles et Penouille, la diminution des capacités de phagocytose suggére un

effet immunosuppresseur des polluants métalliques (dont la présence est confirmée par le MT
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¢levé), mais la plus grande quantité de cellules en phase de multiplication suggére une
activation du systéme immunitaire sur ces mémes sites. Des analyses plus poussées du
systtme immunitaire seront nécessaires pour mieux comprendre les réponses parfois

contradictoires de ce systéme en présence de polluants.
L’ACP confirme la distinction entre 2 groupes

- d’un co6té les poissons de Riviere-Ouelle et Cacouna avec une meilleure capacité de
phagocytose, un plus faible nombre de cellules en phase G2/M, un CF plus faible et
des activités de détoxication plus faibles (EROD et MT)

- d’un autre coté les poissons de Sept-iles et Penouille avec une plus faible capacité de
phagocytose, un plus grand nombre de cellules en phase G2/M, un CF plus élevé et
des activités de détoxication forte (EROD et MT)

Cette distinction pourrait étre principalement liée & la pollution ; les sites de Sept-iles et
Penouille étant identifiés par leur contamination métallique et par des niveaux EROD et/ou
MT plus ¢élevés relativement aux autres sites. Néanmoins cette différenciation des sites en
deux groupes correspond aussi a une distinction Est/Ouest ; on ne peut pas exclure que des
conditions hydro-climatiques contrastées sur ce gradient puissent interférer avec les réponses

des différents biomarqueurs.

Pour conclure, chez le poulamon comme précédent chez le flet (chapitre 3), les
mesures d’indices de condition semblent plus liées aux conditions climatiques qu’a la
pollution. Cette étude suggere que la mesure d’EROD et de MT pourrait étre des marqueurs
efficaces de la pollution ; cependant ces marqueurs doivent étre considérés avec précaution
car leur réponse semble varier en fonction de 1’dge ou du niveau de maturité du poisson.
Enfin les marqueurs immunologiques semblent encore une fois fortement modulés par la
présence de contaminants, méme si ces réponses restent complexes et difficiles a interpréter.
A T’avenir, il serait nécessaire de compléter cette é¢tude par d’autres marqueurs immunitaires
et de mettre en ceuvre des analyses de chimie analytique sur les polluants contenus dans les
sédiments et les poissons, pour dresser une typologie de la pollution de ces différents
systémes. Des explorations génétiques seraient également trés pertinentes sur le poulamon,
pour évaluer si une partie de la variabilité dans les réponses des biomarqueurs ne serait pas

expliquée par une différenciation génétique des populations dans I’estuaire du St Laurent.
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ABSTRACT

A multibiomarker approach was developed on juvenile Atlantic tomcod (Microgadus
tomcod) to evaluate the pertinence of this approach for low-cost screening assessment of the
environmental quality of various coastal sites within estuaries. Several biometric indices and
biomarkers (EROD activity, metallothionein concentration and immune responses) were
investigated on immature and maturing tomcods (< 31 months) collected in four
environmentally contrasted sites in the St Lawrence Estuary (SLE). Simultaneous
examination of various age classes provides the opportunity to detect short-term responses in
sensitive young-of-the-year fish (e.g. EROD induction) and longer-time effects associated
with chronic exposure and bioaccumulation (e.g. metallothionein induction). Principal

component analysis was helpful to discriminate between responses possibly related to
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contaminant exposure (EROD, metallothionein) and responses that could be affected by
upstream-downstream gradient (immune response, biometric indices). Measurement of a
battery of biomarkers in young tomcods at several sites along the shore of the SLE is a low-
cost screening investigation useful to identify hot spots requiring further investigation with

chemical analysis and additional reference sites

Keywords: biometric indexes, EROD, metallothionein, immunotoxicity, pollution, fish

1 INTRODUCTION

Smith et al. (1979) had detected a high prevalence of hepatocellular carcinomas for the
Atlantic tomcod (Microgadus tomcod) in Hudson River (USA), possibly related to elevated
concentrations of polycyclic aromatic hydrocarbons (PAHs) and halogenated aromatic
hydrocarbons (HAHs) such as polychlorinated biphenyls (PCBs) and polychlorinated
dibenzo-p-dioxins/furans (PCDD/Fs). During the forty next years, the Atlantic tomcod has
been considered as a candidate species to monitor the quality of estuarine waters in Canada
(Couillard, 2009), whereas resistance to HAHs and susceptibility to PAHs were demonstrated
for the Hudson River’s tomcod population (Sorrentino et al., 2005; Yuan et al., 2006).

More recently, Wirgin et al. (2011) demonstrated the major role played by the AHR in
the tolerance of tomcod to chemical stress; the Hudson River population exhibiting a
particular allele of AHR2 encoding an AHR protein characterized by reduced affinity for
dioxin-like compounds; this variant being not detected in other estuaries in the United States
or in Canada. Thus in the previous study, a structural change in the coding region of a single
gene could explain the resistance of the population. The authors suggested that the fish
bioaccumulation of high levels of xenobiotic, associated with low gene flow between
populations and strong selective pressure have conducted to a rapid evolutionary change of

AHR?2 in the Hudson River population.

In Canada (St Lawrence Estuary) tomcod populations are generally submitted to a
lower level of contamination compared to the Hudson River population, and do not exhibit
the HAH resistance AHR2 allele demonstrated in the Hudson River (Wirgin et al., 2011).
Thus, an experimental exposure to PCB77 induced an activation of the CYPIA mRNA
expression for Canadian tomcod populations vs no alteration of the expression level for the

Hudson River population (Yuan et al., 2006). These confirmed the hypothesis of Wirgin et al.
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(1994) that Canadian tomcod populations could be more sensitive to lower levels of
pollution, compared to the Hudson River population. Several biomarkers measured on mature
adult tomcod in Canada have been correlated to pollution level (Couillard et al., 1999;
Couillard et al., 2004). In 1994, multifocal granulomatous lesions in the spleen, likely caused
by an infectious agent, and density and surface area of pigmented macrophage aggregates
were higher in tomcod sampled in the Miramichi Estuary, (NB, Canada) receiving pulp and
paper mill effluent compared to a reference estuary (Couillard et al., 1999). Adult tomcods
collected in St. Lawrence Estuary (SLE, QC, Canada) and exposed to high levels of
organochlorine contaminants including PCBs showed high levels of DNA adducts and
hepatocellular proliferations and low hepatic EROD (Ethoxyresorufin-O-deethylase) activity,
compared to fish from two estuaries with a lower level of organochlorine contamination
(Couillard et al., 2005). Furthermore, Lair et al. (1997) also identified jaw ulcers in tomcods

from the SLE, but the cause(s) of these lesions were not identified.

The Atlantic tomcod is an anadromous species; adults undertake yearly migration (up
to several hundreds of kilometers) throughout the SLE to spawn in freshwater tributaries
(Scott et Scott, 1988). In contrast, young-of-the-year (YOY) Atlantic tomcod living in
eelgrass meadows are rather sedentary and may better represent local contamination at their
site of capture than adult fish as shown previously in the Hudson Estuary (Fernandez ef al.,
2004) Thus, in this study, we have collected juvenile tomcods in four sites along the SLE:

Sept-iles, Penouille, Cacouna, Riviére-Ouelle.

The Sept-iles Bay is characterized by numerous industrial and harbor activities and thus
probably submitted to a high chemical stress induced by a complex mixture of xenobiotics;
some analysis indicating high levels of total Butyltins (BTs) in the benthic invertebrates
(about 120ng Sn /g d.w.) and fish (222ng Sn /g d.w.) in this area compared to other sites in
SLE (benthic invertebrate between 40 and 60ng Sn /g d.w. and benthic fish between 50 and
120 ng Sn /g d.w.) (Michaud et Pelletier, 2006). Furthermore, sediments near the harbor of
Sept-Iles Bay presented high concentrations of arsenic (6 to 13mg/kg) and copper (28 to
38mg/kG); concentrations of arsenic, boron and sulfates in the water of Sept-iles Bay
exceeding the threshold to protect aquatic life (respectively 0.069mg/L, 5Smg/L and
1499mg/L) (GENIVAR, 2012).

Penouille, located in a Bay is displaying a contamination mainly linked to the
anthropogenic activities of the city of Gaspé (presence of PCBs, PAHs), but also resulting

from mining activities in the river basin and thus showing significant levels of heavy metals
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like copper (Gagnon, 1997; Xstrata Copper Canada, 2012). The mine was closed in 1999 and
a rehabilitation of the Bay of Gaspé is carried out (removing of contaminated sediments near

study site) (Xstrata Copper Canada, 2012).

The sites of Riviere-Ouelle and Cacouna could be considered as pristine areas, their
basins receiving reduced inputs of domestic, agricultural and industrial effluents.
Furthermore, these two sites are not located in bays and thus submitted to a higher mixing
with the water of the SLE, compared to the two previous polluted systems. Thus, a fish re-
introduction is currently conducted in the Riviere-Ouelle site and the Cacouna site (located
between harbour of Cacouna and the Isle Verte) is considered as a major nursery for birds

and several fish species (Gagnon, 1998; Saint-Louis, Gobeil et Pelletier, 1997).

In the present study, an integrative approach on the fish responses to chemical stress
was conducted considering several biomarkers (activities of detoxification,
immunocompetence, biometric indexes). The major objective was to assess the potential of

YOY tomcod as sentinels to explore the water quality in contrasted environments in the SLE.

2 MATERIALS AND METHODS

2.1 Fish sampling and cells preparation

Tomcods were collected by a hoop net in September-October 2010 in four eelgrass
meadows in Québec (Fig. 1): Cacouna (n=39), Riviere-Ouelle (n=60), Sept-iles (n=33) and
Penouille (n=44). Fish were killed by cervical dislocation, just after the catch. Their total
length, gutted-carcass weight, liver weight and gonads weight were measured. The liver and a

part of muscle were flash-frozen and stored at -80°C. Otoliths were removed for ageing.

The head kidney of each fish was aseptically removed. Pronephric cell suspensions
were obtained by homogenization of head kidney with a syringe valve against a steel grid
with 1ml of medium. The medium used throughout the assays, consisted of steril RPMI 1640
supplemented with 10% (v/v) fetal bovine serum (FBS) from Biomedia (Montreal, Quebec,
Canada), 0.5 mg/mL sodium pyruvate, penicillin (100 U/mL)/streptomycin (100 mg/mL), and
buffered with 10 mM Hepes (pH 7.4) (Brousseau et al., 1999). Cells were counted with
hemocytometer by the microscope, using trypan blue dye exclusion (0.4%). Viability was

over 90%.
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Fig. 1 The four sampling sites in the St Lawrence Estuary, Québec (CANADA)

2.2 Biometric indexes

The individual fish age was estimated considering that all fish were born in February in
a SLE tributary (Fortin et al., 1990); the number of winter being detected on the otoliths by a

binocular.

The body condition factor (CF) was calculated by the formula: CF = 100 x W / L°,
where W is gutted-carcass weight (g) and L is total fish length (mm).

The hepatosomatic index (HSI) was calculated as: HSI = 100 x LW/W, and
gonadosomatic index (GSI) as: GSI = 100 x GW/W where W is gutted-carcass weight (g),
LW is liver weight (g) and GW is gonad weight (g).

Frequency of GSI distribution, for males as females, was used to classify the fish into
two groups: immature fish with low GSI and maturing fish with higher GSI (data not shown).

All indices were then calculated for each group separately.

2.3 Detoxification

2.3.1 EROD (ethoxyresorufin-O-deethylase)

EROD activity was measured at 22°C by a microplate spectrofuorometric assay
(excitation 530nm, emission 585nm) in the liver S9 fraction (Couillard ef al., 2004). Protein
concentrations were determined by the method of Bradford using bovine serum albumin as a

standard (BIO-RAD Laboratories, USA).
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2.3.2 Metallothionein

A metallothionein(MT)-specific antibody and flow cytometry were used to determinate
the relative cellular level of metallothionein in immune cells as described by Yurkowi and
Makhijani (1998). Briefly, pronephric cell suspensions were fixed with phosphate buffered
saline (PBS, pH 7.4) with 0.3% of paraformaldehyde. One million cells were washed at
1200G, 5min and 500l of permeabilization buffer (PBS with 3% foetal calf serum, 0.1%
sodium azide and 0.1% saponine, pH 7.4) was added on the pellet. After 30 min of
incubation, 500ul of staining buffer (PBS with 3% foetal calf serum, 0.1% sodium azide, pH
7.4) were added. Cells were centrifuged at 1200G, Smin. Specific anti-MT monoclonal
mouse antibody (DAKO-MT-E9, Dako Canada Inc., Burlington, Ontario, Canada) was added
on the cells (1pg of antibody to 1.10° cells) and incubated 30min at ambient temperature.
Cells were washed with staining buffer and an anti-mouse IgG antibody (Fab specific, F(ab")2
fragment—FITC antibody (Sigma-Aldrich Canada Ltd) was added on the pellet (10 pl of a
1:100 dilution of conjugate per 10° cells). After washing the cells (centrifugation at 1200G,
Smin), the pellet was re-suspended in PBS. Cells were analyzed by flow cytometry
(FACSCalibur cytometer, Becton Dickinson, San Jos¢, USA) and 10000 events were
recorded. The relative cellular MT concentration is estimated by mean fluorescence intensity

of macrophage population.

2.4 Immunology

2.4.1 Phagocytosis

Capacity of phagocytosis was assessed by the methods described by Brousseau et al.
(1999). Briefly, fluorescent latex beads (d=1.7um, Polysciences, Warrington, USA) were
added to pronephric cell suspensions (10°cells/ml) in order to respect the 100:1 beads to cell
ratio. The cells were incubated 18h at ambient temperature (20°C+1). Then, cell suspension
was layered over a 3% bovine serum albumin gradient and cells recovered by centrifugation
at 150g for 8 min in order to remove the free beads. Cell pellets were then resuspended in 0.5
ml of 0.5% formaldehyde and 0.2% sodium azide diluted in phosphate buffer saline (PBS).
Cells can be kept in one week. Cells were analyzed by flow cytometer (FACSCalibur
cytometer, Becton Dickinson, San José, USA) and 10000 events were recorded. The
efficiency of phagocytosis was determined by the percentage of cells having three or more

beads in macrophage gate.
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2.4.2 Cell cycle analysis

Proliferation of lymphocytes was estimated by flow cytometry assay based on the
analysis of cell cycle through the quantification of DNA content (Chilmonczyk et Monge,
1999; Nunez, 2001). Pronephric cell suspensions (Iml of 10° cells/ml) were fixed with
ethanol and stored at 4°C. For analysis, cells were centrifugated (Smin, 450G) and were
resuspended in PBS (0,5.10° cells/ml). Each sample was recentrifugated (5min, 450G) and
resuspended in 500ml of PBS with RNase (10pg/ml) ans propidium iodide (50pg/ml). Cells
were incubated at room temperature during 30min. Cells were analysed by FACSCalibur
cytometer (Becton Dickinson, San José, USA), 10000 events were recorded and doublet cells
were subtracted (Wersto et al, 2001). Percentage of lymphocytes and macrophages in
GO0/G1, S and G2/M were acquired by DNA content analysis (represent by the red

fluorescence intensity due to propidium idodide) of lymphocyte and macrophage gate.

2.5 CCO (Cytochrome C oxidase)

CCO activity was measured at 22°C by a microplate spectrophotometric assay in
muscle S9 fraction (Smith et Conrad, 1956; Théron, Guerrero et Sebert, 2000). Absorbance
changes were monitored at 550nm during 8min. Protein concentrations were determined by
the method of Bradford using bovine serum albumin as a standard (BIO-RAD Laboratories,
USA). CCO is the complex IV of electron transport chain in mitochondria and is responsible

for 90% of cellular oxygen consumption in mammals (Xu, Charles et Moncada, 2005).

2.6 Statistical analyses

Statistic tests and box plot graphs were carried out using Statistica 10.0 (StatSoft). The
variables were not normally distributed, so the Kruskal-Wallis (KW) test was used for inter-
sites comparisons for immature and maturing fish separately. Within sites, immature and
maturing fish were also compared by KW test. When KW test was significant (p < 0.05), it
was followed by a post-hoc test: a multiple bilateral comparisons of mean ranks. No
significant differences between males and females was detected over the whole markers (KW

test: p > 0.05); thus the analysis were conducted grouping males and females.

Principal Component Analysis (PCA) was used to explore the variability of the

different fish markers over the sampling sites. Markers of cell cycle were strongly correlated,
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thus only the percentage of lymphocytes on G2/S phase was considered in the PCA. HSI and
GSI were strongly dependent of maturity and/or gender and/or fish age, thus these two
indices were not considered. Finally, CF, EROD, MT, lymphocytes on G2/S phase,
phagocytosis and CCO were considered in the PCA. All data were standardized (zero mean,

unit variance) before PCA.

3 RESULTS

3.1 Biometric indices

YOY (8-9 months), one-year-old (20-21 months) and two-years-old (32-33 months)
tomcods were caught at each sampling site (Fig. 2). Fish sampled in Sept-iles and Penouille
showed higher total length and condition factor compared to those of Riviére-Ouelle and

Cacouna (Fig. 2 & 3A).

400
350 .
300 o
_---te
'E 250 e 23
£ /" - ,?g '''''''
< 200 ST & o
= At
c
@ is0
S
0 ! ;
= 100 —u— Sept-iles
=+ Penouille
50
-4= Cacouna
0 © - Riviere-ouelle
i
8 14 20 26 32

age (month)

Fig. 2 Total length of different age groups of tomcods sampled in Sept-iles, Penouille, Cacouna and
Riviére-Ouelle.
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Fig. 3 Biometric indices of tomcod from Riviére-Ouelle ( R), Cacouna (C), Sept-iles (S), and Penouille (P),
considering immature (i) and maturing fish (m). A: condition factor (CF), B: female gonadosomatic index
(GSI), C: hepatosomatic index (HSI). (Statistics: lower-case letters indicate significant differences
between immature populations; capital letters indicate significant differences between maturing
populations; asterisks indicate significant differences between immature and maturing fish from the same
site with P<0.05)

Whatever the considered site, the GSI of maturing females (males: data not showed)
was higher than the one of immature fish (Fig. 3B); however the increase of GSI linked to the

maturation process appeared more limited in Penouille compared to other sites.

Immature fish showed lower HSI than maturing fish, this difference being only
significant in Riviére-Ouelle (Fig. 3C); furthermore, the HSI of fish in maturation was

significantly higher in Cacouna vs Riviere-Ouelle and Penouille (Fig. 3C).

3.2 Detoxification

3.2.1 EROD (ethoxyresorufin-O-deethylase)

No significant difference was detected between males and females for EROD activity
within site (KW test: p > 0.05), thus the data were pooled by site (Fig. 4A). In Cacouna,
EROD activity was higher for immature compared to maturing tomcods. In addition,
immature tomcods displayed a higher EROD activity in Penouille compared to other sites; no

significant difference was detected between sites for maturing tomcods (Fig. 4A).
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Fig. 4 Assessment of biomarkers on tomcod from Riviére-Ouelle ( R), Cacouna (C), Sept-iles (S), and
Penouille (P), immature (i) and maturing fish (m). A: EROD activity (pmoles resorufin/min/mg protein),
B: Metallothionein induction (mean of fluorescence of pronephric cells suspension). (Statistics: lower-case
letters indicate significant differences between immature populations; capital letters indicate significant
differences between maturing populations; asterisks indicate significant differences between immature
and maturing fish from the same site with P<0.05)

3.2.2 Metallothionein

No significant difference of MT concentration was detected among sampling sites for
immature tomcods (Fig. 4B). However a particularly high inter-individual variability was
observed for this biomarker in Penouille. The MT concentration differed among sites only for
maturing fish, tomcods in Riviére-Ouelle, and in Sept-Iles/Penouille showing respectively the
lowest and the highest values (Fig. 4B). In Penouille, significantly more MT was detected in

maturing than in immature tomcods.
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3.3 Immunology

No significant difference of immune responses (cell cycle or phagocytosis activity),

was detected between immature and maturing tomcods, whatever the sampling site (Fig. SA

& 5B).
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Fig. 5 Assessment of immune biomarkers on tomcod from Riviere-Ouelle ( R), Cacouna (C), Sept-iles (S),
and Penouille (P), immature (i) and in maturation (m). A: cellular cycle (percentage of cells in lymphocyte
gate in G2/M, S and G0/G1 phase), B: phagocytosis capacity (percentage of cells that have engulfed three
beads and more). (Statistics: lower-case letters indicate significant differences between immature
populations; capital letters indicate significant differences between maturing populations; with P<0.05)

3.3.1 Cell cycle analysis

Over the whole data set, the percentage of cells in GO/G1 phase was strongly and

negatively correlated with the one of cells in G2/M phase (R= -0.93, p<0.001). In Sept-iles

and Penouille, tomcods showed a significantly higher percentage of cells in G2/M (and lower

percentage of cells in GO/G1) relatively to those in Riviere-Ouelle and Cacouna (Fig. 5A).
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3.3.2 Phagocytosis

Fish in Riviere-Ouelle and Cacouna displayed a higher capacity of phagocytosis than
those of Sept-Iles and Penouille; the phagocytosis activity being particularly reduced in

Penouille for immature as maturing fish (Fig. 5B).

3.4 CCO

Activity of CCO showed a high within site variability. No significant difference was
detected for the CCO activities over the different sites (0.54 = 0.35 < mean + SD < 0.83 £
0.31)

The results were not presented because no significant difference was detected among

sites, sexes, maturity classes or age.

3.5 PCA

The first and second principal components (axis 1 & axis 2) accounted for respectively
34.49% and 21.6% of the total variance over the whole data set (Fig. 6). On the first axis of
the correlation circle, an opposition was observed between the right side of the diagram
mainly characterized by a high phagocytosis activity and the left side principally linked to
high condition index and % of lymphocytes in G2/M phase (Fig. 6). The second axis was
mainly linked to detoxification activities, the upper and lower parts of the plan being

characterized respectively by a high EROD activity and a high concentration of MT.
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Fig. 7 Principal Component Analysis (PCA): distribution of the individuals (fish) on the main factorial
plan.
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On the distribution of the individuals on the main factorial plan (Axis 1 & 2), two

groups of fish were clearly detected (Fig. 7):

- on the left part of the plan, a mixture of individuals from Penouille and Sept-iles
displaying a reduced capacity of phagocytosis, high percentage of cells in G2/M
phase and high CF; upper and lower fish displaying respectively a high activity of
detoxification by EROD and by MT;

- on the right part of the plan, a mixture of individuals from Riviere-Ouelle and
Cacouna showing a high capacity of phagocytosis, a reduced percentage of cells in
G2/M phase, a reduced CF and a limited activity of detoxification (EROD or MT)
explaining their reduced spatial distribution over the axis 2;

- Furthermore, the fish group: (Cacouna and Riviere-Ouelle) showed a higher CCO
activity relatively to the group (Penouille and Sept-iles).

4 DISCUSSION

In the past, most biomarkers assessed in Atlantic tomcod were measured in liver: liver
histopathology (Cormier ef al., 1989; Couillard et al., 1999; Johnson et al., 1993; Smith et
al., 1979), hepatic DNA adducts (Wirgin et al., 1994), EROD activity (Couillard et al., 2005)
and the expression of genes, mainly the CYP1A (Carlson, Roy et Wirgin, 2009; Couillard et
al., 2004; Sorrentino et al., 2005; Williams, Courtenay et Wilson, 1998; Wirgin et al., 1994;
Yuan et al., 2006; Yuan et al., 2001). These earlier studies were focused mostly on HAHs
toxicity. In the present study, an integrative approach was conducted on the responses of the
tomcod to the chemical stress (organic and inorganic) exploring biometric indices,
biomarkers of detoxification and of immunocompetence, in four contrasted environments in
the SLE including two displaying mixed sources of contamination. Earlier studies in the SLE
used adult fish whereas our studies use YOY and subadults (from 8 to 33 month old fish) to
explore the tomcod responses at different sites within a single estuary. We suggest that these
young fish can be impacted by the chemical stress in estuaries and thus could response to the
contamination at different levels of biological organization (molecular, biochemical, cellular
and organism levels) as it was previously observed for juvenile fish like tomcod or European
flounder, respectively in North-West and North-East Atlantic (Evrard et al., 2012; Wirgin et
Waldman, 1998)
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4.1 Biometric indexes

To distinguish the natural variability (noise) and contaminant-induced stress (signal),
the baseline data of a biomarker/bioindicator should be well defined (van der Oost, Beyer et
Vermeulen, 2003). Williams et al. (1998) measured CF, HSI and GSI during one year on
mature Atlantic tomcods in a reference site and an area polluted by pulp and paper effluents.
The biometric indices in the reference as in the contaminated sites varied along the annual
reproductive cycle between 0.55 and 0.85 for the CF, between 2 and 7 for the HSI, and
between 3 to 6 for females and 1 to 5 to males considering the GSI. CF and HSI were
maximal in the fall (September-November) and minimal during the spawning period
(February-March). In contrast GSI was maximal in February and minimal in May. Other
studies on mature Atlantic tomcod sampled yearly in early spring from 1998 to 2004 in the

SLE, showed that CF can vary between the years from 0.45 to 0.75 (Couillard et al., 2004).

In the present study, maturing tomcods of Penouille showed higher CF value compared
to reference sites in the bibliography. Thus, CF does not appear to be negatively impacted by
chemical stress and may be more influenced by natural factors (Linde-Arias et al., 2008).
Condition factor of fish can be modified by various factors including bathymetry (Chouinard
et Swain, 2002), abundance of prey (Dutil, Lambert et Chabot, 2003), salinity (Lambert,
Dutil et Munro, 1994), age, sex and climate (Guimaraes et al., 2009; Lambert et Dutil, 1997).
Penouille site is probably characterized by a contrasted hydroclimatic conditions relatively to
the other sites in the SLE, considering particularly the thermal regime and the onset of sea ice
(Saucier et al., 2003; Villeneuve, 1959). These differences can directly impact the
metabolism of tomcod, and also its growth rate as observed in the present study where the
growth appeared higher at the downstream sites (Penouille/Sept-iles) compared to the
upstream sites (Cacouna/Riviére-Quelle). Density-dependent processes could also be
involved. Furthermore, the local hydroclimatic conditions and habitat physicochemical
characteristics can also modify the availability of prey and consequently the tomcod energy
allocation. Finally, it is possible that the populations of tomcod sampled downstream in the
SLE are genetically distinct from those sampled upstream and their genetic could affect

energy allocation.

Variation in GSI (considering females) is primary explained by the reproductive cycle
(Williams, Courtenay et Wilson, 1998). Maturing tomcods of Cacouna and Riviére-Ouelle

(collected in October) showed higher GSI compared to those of Sept-iles and Penouille
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(collected in September); thus, the differential between the sampling periods could explain
that Cacouna and Riviére-Ouelle fish should be more advanced in their reproductive cycle
and could explain their contrasted GSI. However we suggest, particularly for the Penouille
site, that the very limited increase of GSI from immature to maturing fish could be related to
a toxic effect of pollutants. In these fish, more energy could be allocated to storage than to
reproduction. Complementary observations on the reproduction biology should be conducted
in this site, considering an annual change in ovarian histology and steroid profiles at

Penouille and in a reference site with similar hydroclimatic and habitat characteristics.

Maturing tomcods in Cacouna showed higher HSI compared to other sites. Xenobiotics
exposure can lead to induction of hepatic enzymes, liver inflammation or abnormal growth
(Olivares et al., 2010). Higher HSI could be explained by the increase of cell size or cell
number as a response to pollutants (van der Oost, Beyer et Vermeulen, 2003). Maturing
tomcods in Cacouna did not show any induction of EROD activity (see 4.2), thus their high
HSI does not seem to be a consequence of enzymatic induction. The gadidae store their lipid
reserves in liver (Lambert et Dutil, 1997) and fat reserves are transferred from liver to gonads
at the time of maturation. Vitellogenesis also occurs in liver during gonad maturation. We
suggest that the highest HSI in maturing fish in Cacouna could be a consequence of their
more advanced maturation. Finally, in the present study, no obvious relationship was detected
between the HSI and the level of pollution, considering the immature as the maturing

tomcods.

4.2 EROD (ethoxyresorufin-o-deethylase) and MT (metallothionein)

Hepatic EROD induction is commonly considered as a pertinent indicator of exposure
to molecules binding to the arylhydrocarbon receptor such as PAHs and HAHs (van der Oost,
Beyer et Vermeulen, 2003). Several studies have demonstrated a significant increase of
EROD activity for animals living in polluted sites (e.g. Aarab et al., 2004; Fasulo et al., 2010;
Xu et al., 2002).

In several fish species, EROD induction, particularly for females, was dependent on the
stage of maturity and thus could explain a differential between males and females (e.g. Khan
et Payne, 2002; Kirby et al., 1999; Miller, Addison et Bandiera, 2004). We suggest that the
absence of difference in the EROD activity between genders in the present study could be

linked to the sampling period of tomcods, at the beginning of their reproductive cycle
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(Williams, Courtenay et Wilson, 1998). An absence of difference between males and females
EROD activity has been reported occasionally for other fish species (Fang et al., 2010;
Flammarion ef al., 2002; Gungordu et Ozmen, 2011)

In the present study, in two sites (Cacouna and Penouille), YOY tomcod displayed a
higher EROD activity compared to maturing fish, the median values being respectively 3 and
0.5-1 pmol/min/mg. Lower EROD activity in maturing fish could reflect differential exposure
as a result of different diet or of bioaccumulation of chemicals with age. Dietary shift from
zooplanktom to macroinvertebrates in the first year of age has been reported in Hudson
Estuary tomcod (Fernandez ef al., 2004). Lower EROD activity in older maturing fish could
be related to natural selection for less-inducible genotypes (Wirgin et al., 2011) or to
suppression of CYPIA activity by steroid hormones (Williams, Courtenay et Wilson, 1998)
or by bioaccumulated xenobiotics (e.g. Couillard et al., 2004, EROD levels being 2-9 and
0.6-5 pmol/min/mg for repectively 1+ tomcods and older fish). This hypothesis could be
strengthened particularly for the Penouille site where a significant contamination by complex
mixture of pollutants is suspected (Gagnon, 1997; Xstrata Copper Canada, 2012); this type of
contamination being a strong inhibitor of EROD activity (Kerambrun et al., 2012; Viarengo
et al., 1997). Furthermore in the SLE, Couillard (2009) underlined a negative correlation
between the level of hepatic EROD activity and the organochlorine concentration,
considering adult tomcods; the average level of EROD activity being repectively of 1 and 10

pmol/min/mg for the highly vs lowly contaminated fish.

Finaly the present study confirmed that there are obviously many gaps in our
knowledge on the tomcod EROD activity. Further studies are needed to compare exposure of
YOY and maturing tomcod to different classes of inducing or inhibiting xenobiotics or to
explore the hypotheses of post-transcriptional inhibition of EROD activity or natural
selection. The variability of this biomarker is potentially linked to multiple factors and could
be inhibited by the pollutants, thus the EROD induction used alone must be considered

cautiously for the diagnostic of the water quality in the field.

MT is a protein which plays a major role in the protection against the toxic effects of
heavy metals (George et Olsson, 1994). MT shows a sequestering function explained by the
binding of MT to particular metals (Klaassen, Liu et Choudhuri, 1999). Several laboratory
experiments underlined that teleost MT’s are inducible by numerous metals like cadmium,

copper, zinc (George et Olsson, 1994; van der Oost, Beyer et Vermeulen, 2003). In this
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study, the relative quantity of MT was estimated by an immunoassay technique, considered

as the most sensitive method for the quantification of MT proteins (George et Olsson, 1994).

In the present study, a significant increase of MT was clearly detected in maturing
tomcods of Penouille and Sept-iles compared to those of Cacouna and Rivére-Ouelle; this
trend being not detected for the immature fish. We suggest that maturing fish have
bioaccumulated more metals in their tissues; the higher bioaccumulation for older fish
conducting to MT induction; this trend being also detected for coastal fish submitted to
metallic pollution (Mariji¢ et Raspor, 2006; Rotchell et al., 2001). The Penouille and Sept-
{les sites were clearly suspected to show a chronic metallic contamination; thus their higher
MT levels suggest that this biomarker could become an efficient tool for the diagnostic of

heavy metals exposure in estuarine waters.

4.3 Immunology

Immunocompetence might be considered as a pertinent biomarker of exposure to
environmental stress (Burnett et al., 2007). Several xenobiotics can conduct to an
immunosuppression but conflicting results indicated a difference in sensitivity according to
the species tested, the concentrations used, and the time and/or exposure route (Sanchez-
Dardon et al., 1999). The exposure of animals to contaminants in the field could lead to
suppression, inhibition of immune competence and / or stimulation, hypersensitivity and
auto-immune reaction (Sweet et Zelikoff, 2001). Capacity of phagocytosis is widely used in
ecotoxicology, considering particularly fish and mollusks (Bols et al., 2001b; van der Oost,
Beyer et Vermeulen, 2003). Several toxics can inhibit the activity of macrophages leading to
a decrease of their phagocytosis capacity (Bols et al., 2001b; Fournier et al., 2000). Measures
of cell cycle by flow cytometer allowed to estimate the lymphocyte proliferation
(Chilmonczyk et Monge, 1999). Some toxics might inhibit (e.g. Payette et al., 1995) or
enhance the proliferation (e.g. Low et Sin, 1998). Low and Sin (1998) have demonstrated that
low and high concentrations of mercury respectively enhance and inhibit the proliferation of

lymphocytes.

The result of immune biomarkers on tomcod showed clearly two groups of sites in the
SLE. The tomcods from the upstream sites (Riviere-Ouelle and Cacouna) displayed a high
capacity of phagocytosis and few lymphocytes in G2/S phase compared to fish from the

upstream sites (Sept-iles and Penouille), with a lower capacity of phagocytosis and more
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lymphocytes in G2/S phase (i.e. an increase of proliferation for these two last sites). These
responses may seem conflicting but they were also reported in other studies, the responses of
immune system to complex mixture being difficult to predict (Burnett et al., 2007;
Finkelstein et al., 2007; Tahir et Secombes, 1995). Generally, chemical exposure can
interfere with critical phases of the fish immunity by blocking phagocytic activity, inducing

or inhibiting cell proliferation, or negating precursor cell formation (Sweet et Zelikoft, 2001).

Numerous xenobiotics can modulate the immune function, particularly the heavy
metals (Bernier er al., 1995; Fournier et al., 2000; Sanchez-Dardon et al., 1999); the
underlying mechanisms being not clear. Toxics could affect directly the immune system, for
example by inducing the apoptosis of immune cells. The presence of toxics in an organism
can also induce the production of stress hormones which can modulate the immune system
(Bols et al., 2001b). In tomcods from Sept-iles and Penouille, measures of MTs were also
carried out on head kidney and showed that pronephric cells responded to heavy metals. We
suggest that the presence of heavy metals and possibly of other pollutants induces several
significant alterations of the tomcod immune system in these polluted sites, inhibiting its
capacity of phagocytosis and enhancing the proliferation of lymphocytes. On the long range,
these alterations could reduce the efficiency of the immune system and as a consequence,
could increase the disease susceptibility (Arkoosh et al., 2001a; Arkoosh et al., 1998).
Alternative hypotheses are modulation of the immune response by natural upstream-
downstream ecological gradient or by the reproductive cycle. Further studies with fish
sampling at reference sites with similar ecological characteristics than Penouille and Sept-iles
and chemical analyses would be necessary to discriminate among these various hypotheses.
Again, the variability of this biomarker is potentially linked to multiple factors, thus the
immune response used alone must be considered cautiously for the diagnostic of the water

quality in the field.

4.4 multibiomarker approach

In a multibiomarker approach, the major objectives are to investigate markers that
complement each other and adequately explain the differences between the study sites
(Humphrey, King et Klumpp, 2007). In the present study, the main factorial plan of the PCA,
explained 56 % of the total variance of the data set and thus gives a global vision on the
variability of biomarkers and fish distributions over the different sampling sites along the St

Lawrence estuary. The first PCA axis was mainly explained by the immune markers and by
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the condition index (phagocytosis vs CF - percentage of G2/M phase lymphocytes); the

second axis being associated to detoxification activities (EROD vs MT).

The fish distribution on the main factorial plan shows a clear separation of the
upstreamsites (Riviére-Ouelle and Cacouna) where the fish showed a better capacity of
phagocytosis, a low number of cells in G2/M, a lower CF and limited detoxification activites
(EROD and MT). We suggest that these sites are probably submitted to a reduced pollution,
considering (1) their obvious reduced inputs of domestic, agricultural and industrial effluents
and (2) the highly probable dilution effect of the SLE water in these “open systems” (i.e. non
located in Bays).

On the other hand, the fish of the downstream sites (Sept-iles and Penouille) showed
globally a lower capacity phagocytosis, more cells in G2/M and higher CF, EROD activities
and metallothionein levels; this second fish group was probably living in heavily polluted
bays displaying complex mixtures of contaminants. We suggest that the higher fish spatial
distribution over the axis 2 of the PCA in the downstream vs upstream populations underlines
a higher variability of the detoxification activities (EROD activity and metallothionein level)

linking to the fish aging in polluted vs in pristine systems.

5 CONCLUSION

In the present study, several biomarkers were explored on the Atlantic tomcod in
contrasted environments of the SLE, the downstream sites displaying higher inputs of
anthropogenic effluents when compared to upstream sites. Higher growth rate and condition
factor in the two downstream sites (Penouille and Sept-iles) vs upstream-sites (Cacouna,
Riviere Ouelle) could be more related to ecological gradient than to contamination level. A
reduced energy allocation for reproduction in maturing fish at Penouille could have
detrimental consequences for fish reproduction and warrants further investigation on sexual

maturation process and potential endocrine disruption at this site.

EROD and MT are linked to detoxification and are considered as biomarkers of
exposure to pollutants. However, with the aging of the fish in the more polluted systems, the
bioaccumulation of xenobiotics could inhibit the EROD activity but on the other hand should
be necessary to induce the production of MT. The capacity of phagocytosis and the cell cycle
analysis are indicators of the immune function that could affect the susceptibility of

individuals to infectious agents (Bols et al., 2001b). In the present study, complex mixtures of
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contaminants in the downstream polluted systems could induces significant alterations of the

tomcod immune system (inhibition of phagocytosis and proliferation of lymphocytes).

Further investigations will be necessary to thoroughly analyze the tomcod responses in
habitats displaying contrasted levels of contamination but also differential hydroclimatic
conditions. A better understanding of the possible role of the confounding factors (i.e. not
directly linked to the chemical stress) on the modulation of biomarkers is needed. Chemical
analysis should be conducted in sediments, preys and tomcod tissues to better characterize
differential exposure of various age classes of tomcods at different sites. Thus, we suggest to
study in the future the basic life cycle and the physiology of the tomcod in different regions
of the SLE, as well as the seasonal baseline levels in the biomarkers, in addition to pollutant
load in these locations. Finally, we suggest that the tomcod population genetics should be
explored, to assess the possibility of gene flow between different sites and of genetic

adaptation over the SLE.
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Les travaux réalisés au cours cette thése mettent en évidence la pertinence d’un certain
nombre de biomarqueurs en écotoxicologie, mais ils soulignent aussi les limites de leur
utilisation et nos lacunes dans la compréhension des mécanismes de réponse a la
contamination chimique. Comme bilan de cette thése, on essaiera ici de répondre a

différentes questions, autour de la réponse des poissons aux stress chimiques.

1 QUELS LIENS EXISTENT ENTRE LES DIFFERENTS
BIOMARQUEURS ET QUELS MECANISMES SONT MIS EN
JEUX ?

Le Tableau 5 reprend I’ensemble des biomarqueurs utilisés dans cette étude et les

réponses observées dans chacun des chapitres présentés précédemment.

Nous citons ici deux études de cas abordés dans cette these, sur le systéme immunitaire

et sur activité de biotransformation.

1.1 Le cas des réponses du syst¢éme immunitaire

Au travers des trois études réalisées ici, il apparait que les polluants peuvent impacter le
systéeme immunitaire, mais que les mécanismes mis en jeux restent complexes et peu connus.
Par exemple, I’étude sur le poulamon met en évidence une diminution de la phagocytose ainsi
qu’une augmentation de la prolifération lymphocytaire en milieux contaminés. Les polluants
peuvent avoir un effet sur le systéme immunitaire par différents mécanismes : action directe
des polluants, effet des hormones de stress, de la présence de ROS ou encore modification de
la concentration cellulaire en Ca** (Bols et al., 2001b; Reynaud et Deschaux, 2006; Reynaud,
Raveton et Ravanel, 2008). Il est probable que I’induction du TNF-R et du C3 chez les flets
contamings soit li¢e a une inflammation au niveau du foie. L’ inflammation est une réponse de
défense non spécifique de 1’organisme qui conduit a ’accumulation de leucocytes et de
fluides sur la zone irritée, blessée ou infectée (Roca et al, 2008); de nombreux polluants
induisant une réponse inflammatoire au niveau du foie. Des analyses histopathologiques du

foie permettraient de confirmer la présence d’une inflammation.

La diminution de la concentration en lysozyme et des capacités de phagocytose chez les
poissons contaminés suggerent un effet immunosuppresseur des contaminants. Les marqueurs
utilisés ici ne permettent pas a eux seuls de comprendre les mécanismes de réponse du

systéme immunitaire. Afin d’aider a cette compréhension, il faudrait envisager de mesurer
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I’induction d’autres cytokines pro-inflammatoires et d’autres éléments du systeme du
complément afin de confirmer le lien entre I’activation du systéme du TNF + complément, et
la réponse inflammatoire. Il serait aussi nécessaire de compléter nos analyses en mesurant les
hormones de stress ou la présence de ROS afin d’évaluer si ces éléments peuvent Etre

responsables des modulations observées.

De plus, Reynaud et al. (2005) suggerent que si les polluants peuvent moduler la
réponse immunitaire, a 1’inverse, certaines protéines du systéme immunitaire pourraient
participer a la régulation des phénomenes de détoxication (notamment CYP1A1 et GST). Ces
auteurs suggerent que des cytokines pro-inflammatoires, telles que le TNFo ou
I’interleukinel o, pourraient participer a la sous-régulation des activités dépendantes du
CYPI1AL par une action directe sur le Ah-R ou sur le gene CYP1A1. Néanmoins, au cours de
cette étude, nous n’avons pas observé de corrélation négative entre le TNF-R et le CYP1A1
mRNA; ce résultat pouvant s’interpréter de différentes maniéres. Nous sommes partis de
I’hypothése qu’une induction du TNF-R était associée a une induction de TNFo; néanmoins,
il est possible que ce ne soit pas le cas, aussi seule 1’identification du géne TNFa chez le flet
nous permettrait d’approfondir cette hypothése. De plus, s’il existe une régulation des
activités CYP1A1 dépendantes, cette régulation pourrait étre post-transcriptionnelle. Enfin,
pour améliorer notre compréhension de ces mécanismes de régulation du processus de
détoxication, il serait nécessaire de mesurer a la fois le niveau d’ARNm de CYP1A1 mais
aussi son niveau de protéines et/ou I’activit¢ EROD qui en découle, parallelement a une

quantification des cytokines pro-inflammatoires telle que le TNFa et I’interleukinel a.

1.2 Le cas du couplage : biotransformation — dommages a ’ADN

L’utilisation d’analyses factorielles conduites sur les multiples biomarqueurs et le
calcul de corrélations peuvent améliorer notre compréhension sur les liens existant entre les
différentes fonctions biologiques modulées par un stress chimique. Ainsi, lors de 1’étude
expérimentale, nous avons pu confirmer qu’il existait une corrélation entre 1’induction de
CYPIALI et le niveau de dommages a I’ADN. Des études ont déja souligné le lien entre la
concentration en métabolites des HAPs ou ’activit¢é EROD et les dommages a I’ADN (e.g.
Curtis et al., 2011; Wessel et al., 2010). Notre étude suggere donc que la présence de
métabolites puisse conduire a une augmentation de la génotoxicité, néanmoins, il ne faut pas

écarter la possibilité que d’autres mécanismes soient également impliqués dans ces
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dommages, comme par exemple la production de ROS. De plus, I’absence de dommages
mesurables 15 jours apres I’arrét de la contamination suggeére que ces dommages peuvent étre
réparés et que par conséquent, une pollution ponctuelle n’entrainera probablement pas de

dommages a I’ADN durables.

2 QUELS BIOMARQUEURS A PRIVILEGIER ?

L’expérience de contamination expérimentale (chapitre 2) a mis en évidence un effet
des contaminants significatif sur différents biomarqueurs : les dommages a I’ADN, les
mécanismes de détoxication (CYPIA1l, BHMT) et les marqueurs immunologiques
(lysozyme, TNF-R et C3) (Tableau 5). Néanmoins, on a constaté que I’indice de condition
(CF), l’activité enzymatique de la Cytochrome C Oxydase (CCO) et la phagocytose n’ont pas

¢été modulés par la présence du mélange HAPs - PCBs.

2.1 Les marqueurs qui n’ont pas montré de modulations dans une ou
plusieurs études doivent-ils étre reconsidérés ?

L’absence de modulation du CF est en fait un élément positif dans notre expérience de
contamination par I’aliment ; elle confirme en fait que les poissons n’ont pas mangé de fagcon
différentielle les granulés, qu’ils soient imprégnés ou non par les contaminants. En milieu
naturel, le CF a mis en évidence des différences significatives entre les sites, pour nos deux
taxons : flet comme poulamon (Tableau 5) ; il est par contre difficile de différencier 1’impact
des polluants sur ce parametre CF, relativement a celui des facteurs confondants de
I’environnement (compétition intra-spécifique, abondance en proies, température, niveau

d’eutrophisation,...).

De la méme manicre, les modulations de HSI semblent principalement liées aux
conditions environnementales et notamment aux variations inter-saisons de I’allocation de
I’énergie au niveau corporel, notamment chez le poulamon. Nos résultats sont donc en accord
avec I’observation de Van der Oost ef al. (2003) qui suggerent que les indices de condition tel
que le CF et le HSI peuvent étre des indicateurs pertinents de 1’état de santé global de

I’organisme, mais qu’ils doivent étre considérés avec précaution en écotoxicologie.
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Tableau 5. Résultats des différents biomarqueurs et indicateurs mis en ceuvre au cours de cette étude. Phago=capacité de phagocytose, cycle=% de cellules
en phase G2/M, dommages=dommages a I’ADN, indiv.=individu, reins a.=reins antérieur ou pronéphros, érythro.=érythrocytes, cyto=cytométrie,
activ.=activité enzymatique par mesure d’absorbance ou de luminescence, imat.=immature, matur. = en cours de maturation, n.m. signifie qu’il s’agit d’un
marqueur non mesuré dans cette condition, ref. correspond a la valeur de référence a laquelle sont comparées les valeurs des autres conditions, un ++ ou -
- signifie que la valeur est plus de 2 fois supérieure ou inférieure a la valeur de référence.

indice mesuré ADN detoxification systéme immunitaire metabo. indices de condition
dommages MT EROD CYP1A1 BHMT phago. cycle lysozyme C3 TNF-R CCco CF HSI GSI
organe sang érythro. reinsa. foie foie foie reinsa. reinsa. sangserum foie foie muscle indiv. indiv. indiv.
technique cometassay cyto. activ. RT-PCR RT-PCR  cyto. cyto. activ. RT-PCR  RT-PCR  activ. indice indice indice
conditions expé.
t0 Ctl ref. ref. ref. ref. ref. ref. ref. ref. ref.
t14 Ctl 0 0 0 0 0 0 0 0 0
C1 0 0 0 0 - 0 0 0 0
Cc2 0 0 0 0 - 0 0 0 0
t29 Ctl 0 0 0 0 0 0 0 0 0
Cc1 0 0 0 0 - + 0 0 0
C2 + ++ + 0 - ++ + 0 0
t43 Ctl 0 0 0 0 0 0 0 0 0
Cc1 0 0 0 0 0 0 0 0 0
Cc2 0 + ++ 0 0 0 0 0 0
terrain - flet
2009 Canche ref. ref. ref. ref ref. ref
Tamar 0 0 0 + 0 -
Seine + -
2010 Canche 0+ 0 0 ref 0 0 0 0
Canche 1+ 0 0 0 0 0 0 0
Seine O+ 0 + -- + + ++ 0
Seine 1+ 0 0 - - + + 0 0
terrain - Poulamon
Riviere-Ouelle - imat. ref. ref. ref. ref. ref. ref. ref. ref.
Riviere-Ouelle - matur. 0 0 0 0 0 0 + +
Cacouna - imat. 0 + 0 0 0 0 + 0
Cacouna - matur. 0 0 0 0 0 0 + +
Sept-iles - imat. 0 0 0 + 0 + + 0
Sept-iles - matur. + 0 - + 0 0 0 +
Penouille -imat. 0 ++ -- + 0 ++ 0 0
Penouille - matur. ++ 0 - - ++ 0 ++ 0 +
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La mesure de I’activité enzymatique de la CCO sur le muscle n’a pas donné de
résultats probants, en conditions expérimentales pour le flet, comme sur le terrain pour le
poulamon. Seuls les flets 0+ échantillonnés sur le terrain présentaient une modulation de cette
activité, entre les sites contaminés et non contaminés. La comparaison pour les poissons
juvéniles, des valeurs moyennes de CCO inter-groupes ne semble donc pas a priori trés
pertinente ; cependant, les analyses inter-individuelles (conduites par AFC et estimation de
corrélations) démontrent que la CCO est un marqueur qui peut conduire a 1’identification de
réponses différentielles entre des poissons soumis au méme stress chimique. Par ailleurs, il a
été démontré récemment que la présence de polluants pouvait entrainer une modulation du
métabolisme énergétique chez les flets juvéniles, mais au niveau hépatique (Calves, 2011).
Globalement, on peut donc considérer que I’étude du métabolisme énergétique est trés
pertinente en écotoxicologie, la maniere de produire de I’énergie et de 1’allouer a différentes

fonctions permettant au poisson de « résister » plus ou moins bien face au stress chimique.

Pour approfondir les modulations du métabolisme énergétique du poisson, induites par
les polluants, I'utilisation de marqueurs complémentaires devrait étre envisagée, comme la
mesure de la citrate synthase, autre indicateur des capacités aérobies du muscle. La CS est la
premiere enzyme intervenant dans le cycle de Krebs, dont I’activité peut étre modulée chez
les poissons, notamment par un stress métallique (Couture et Rajender Kumar, 2003). Par
ailleurs, au niveau moléculaire, des études sur le flet ont mis en évidence des modulations de
I’expression du gene de I’ATPase en présence d’herbicides apres 30 jours d’exposition
(Marchand et al., 2006) et sur des sites estuariens a contamination chronique (Calves, 2011).
L’expression de I’ATPase pourrait donc étre utilisée aussi comme un bon proxy potentiel du

métabolisme énergétique, en complément de la mesure de ’activité de la CCO et de la CS.

Comme [l’activit¢ CCO, la capacité de phagocytose n’a pas produit de résultats
probants en conditions expérimentales, mais a permis d’identifier des différentiels de réponse
trés significatifs sur le terrain, en lien avec la contamination chimique (Tableau 5). Les
niveaux de capacité de phagocytose des poissons en conditions expérimentales étaient trés
faibles, dans toutes les conditions. Les poissons expérimentés étant des poissons issus d’un
¢levage au Danemark, des études complémentaires seraient nécessaires pour savoir si les
niveaux de base faibles, en termes de phagocytose, ne seraient pas la conséquence de

pressions de sélections involontaires liées a la technologie aquacole. De plus la durée assez
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courte de I’exposition (29 jours) peut expliquer I’absence de réponse au niveau de la capacité

de phagocytose.

De nombreuses études ont déja démontré une diminution des capacités de phagocytose
en présence de polluants (e.g. Danion et al., 2012b; Salo et al., 2007; Sanchez-Dardon et al.,
1999) ; les études réalisées dans cette thése sur les populations naturelles de flet et de
poulamon confirmant la pertinence de ce biomarqueur pour diagnostiquer 1’effet

immunosuppresseur des polluants.

2.2 Les marqueurs du syst¢tme immunitaire sont-ils pertinents ?

Les autres indicateurs de I’état du systéme immunitaire, explorés dans cette thése, ont
été clairement impactés par le stress chimique, en conditions contr6lées comme en milieux
naturels. Ainsi le lysozyme semble étre le marqueur le plus sensible, puisqu’il est le seul a
répondre chez le flet soumis 14 jours a un niveau de contamination (HAPs + PCBs) reflétant
un milieu pollué comme I’estuaire de la Seine. Plusieurs études ont suggéré que le lysozyme
pourrait étre un biomarqueur pertinent en écotoxicologue du fait de sa sensibilité aux
xénobiotiques, mais également parce que sa mesure est peu onéreuse, aisée a mettre en ceuvre
sur le sérum, et donc ne nécessitant pas le sacrifice des individus (Saurabh et Sahoo, 2008).
Neéanmoins, il n’est pas toujours possible de réaliser des prises de sang rapidement lors
d’échantillonnage de 0+ sur le terrain car les poissons sont parfois trop petits; en
conséquence le lysozyme n’a pu étre mesuré en conditions naturelles. Chez les poissons, le
lysozyme est une enzyme présente au niveau des neutrophiles, monocytes et plus faiblement
détectée dans les macrophages (Saurabh et Sahoo, 2008). Si le lysozyme est souvent mesuré
dans le sérum, il est aussi retrouvé dans la rate, le tube digestif, le foie, ou encore le mucus de
la peau des poissons (Murray et Fletcher, 1976; Saurabh et Sahoo, 2008). Par conséquent, on
pourrait envisager de mesurer le niveau de lysozyme dans le mucus, ceci permettant un
prélevement non invasif, rapide et simple, quelle que soit la taille du poisson. Stabili et
Pagliara (2009) ont observé une diminution de I’activité du lysozyme dans le mucus d’une
¢toile de mer (Marthasterias glacialis) en présence de zinc ; ceci suggérant que la quantité de
lysozyme dans le mucus pourrait étre modulée par la présence de polluants, tout comme elle
I’est dans le sérum. Des analyses en conditions contrdlées et sur le terrain seront nécessaires
pour évaluer si la mesure du lysozyme dans le mucus pourrait devenir un biomarqueur

pertinent.
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Le niveau d’expression des génes C3 et TNF-R augmente en présence de contaminants
chez le flet, aussi bien en conditions naturelles que controlées (chapitre 2 et 3 et Tableau 5).
Comme mentionné¢ précédemment, ces deux genes sont impliqués dans la réponse
inflammatoire aussi  leur sur-expression pourrait s’expliquer par la présence d’une
inflammation au niveau foie induite par les polluants. Il faut noter que seule I’expression de
ces genes a ¢té mesurée et pas leur présence au niveau protéique. Or, I’approche
protéomique 2D n’a pas mis en évidence de modulation particulicre de la réponse
inflammatoire ou d’inhibition du syst¢éme immunitaire dans les 2 approches sur le flet
(Annexes 1 et 2). Les approches en protéomique sont évidemment dépendantes des bases de
données, aussi toutes les protéines qui apparaissent dérégulées sur un gel ne seront pas
forcément identifiées. Sur le flet, environ 37% et 22% des protéines dérégulées ont pu étre
identifiées respectivement en conditions expérimentales et sur le terrain, ce qui est en accord
avec les pourcentages d’identification observés sur d’autres espéces non modeles (Dowd,
2012; Forné, Abian et Cerda, 2010). Par conséquent, I’absence de protéines immunitaires lors
de l’approche 2D pourrait, en partie, s’expliquer par le fait que ces protéines ne sont pas
encore clairement identifiées et disponibles dans les bases de données. Néanmoins, les bases
de données étant les mémes que celles utilisées pour de la génomique (banque EST), ce n’est
pas I’hypothése la plus probable. Notons qu’il est également possible que la quantité¢ de
protéines associée a un spot soit en dessous des seuils de détection de la technique (spot trop
faible pour détecter des différences). De plus, les gels réalisés dans les approches 2D
(présentées dans cette thése en annexes) ne permettent pas de détecter des protéines en
dessous de 14kDa, or certaines cytokines sont inférieures a cette taille. L’absence de protéine
du systéme immunitaire en approche 2D peut donc s’expliquer par les limites de cette

technique.

Néanmoins, on ne peut pas écarter 1’hypothése que I’augmentation du niveau
d’expression des geénes C3 et TNF-R ne serait pas obligatoirement associée a une
augmentation de la protéine correspondante. Certains polluants peuvent ainsi affecter
I’efficacité de la traduction ou la stabilit¢ de ’ARNm ou de la protéine (Nikinmaa et
Rytkonen, 2011). Par conséquent, la mesure de I’expression du gene C3 pourrait étre
complété par une mesure de 1’activité de la voie alterne du complément (ACHS50), plusieurs
¢tudes ayant démontré sa dérégulation chez les poissons en présence de contaminants (e.g.
Bado-Nilles et al., 2009; Danion et al., 2012b; Danion ef al., 2011b). De plus, I’expression du

gene TNF-R a été considérée ici comme indicateur de I’activation du systéme du TNF.
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Néanmoins, 1’augmentation du récepteur n’est pas forcément liée a une augmentation de la
protéine associée et il est donc nécessaire de réussir a identifier le géne du TNF-a chez le flet

et d’étudier son expression ainsi que les niveaux de la protéine correspondante.

Lors de I’étude sur le poulamon, en complément des investigations sur la phagocytose,
la proportion de cellules dans les différentes phases du cycle cellulaire a également été
mesurée par cytométrie. Il s’agit d’'une mesure permettant d’évaluer le pourcentage de
cellules en division et donc d’estimer la prolifération cellulaire des lymphocytes. L’étude sur
les populations de poulamon montre la complexité de la réponse immunitaire en présence de
polluants ; sur les sites contaminés aux métaux, la diminution de capacité de phagocytose
(qui suggeére donc une immuno-suppression) a ¢€té associée a une augmentation du
pourcentage de lymphocytes en prolifération (ce qui suggere a l’inverse une immuno-
stimulation). La complexité du systéme immunitaire est aussi confirmée par Low et Sin
(1998) qui observent que de faibles quantités de mercure entrainent une augmentation de la
prolifération des lymphocytes, alors qu’une plus grande quantité inhiberait cette prolifération.
De plus, le nombre de cellules immunitaires (leucocytes) et les proportions des différents
types cellulaires (lymphocytes, neutrophiles granulocytes et monocytes) n’ont pas été évalués
lors de notre étude sur le poulamon. Sachant qu’une diminution de certain types de
leucocytes est possible en présence de contaminants (e.g. Danion et al., 2011b), Il aurait était
intéressant de réaliser le comptage des différentes populations cellulaires afin d’évaluer si
I’augmentation des lymphocytes en phase de prolifération ne permettrait pas de compenser
une diminution de leur effectif. De méme, I’évaluation du pourcentage de cellule en apoptose
pourrait étre conduite par cytométrie, afin d’évaluer si cette prolifération s’explique par une

augmentation du nombre de cellules qui meurent.

Si la réponse des marqueurs immunologiques a la contamination semble complexe,
les investigations sur de tels marqueurs nous paraissent trés pertinentes car une modification
des capacités immunitaires d’un organisme peut conduire a une augmentation de sa
sensibilité aux pathogénes et donc a une perte de fitness. Par ailleurs, des analyses génétiques
sur le flet par I’utilisation de puces @ ADN ou de banques soustractives (SSH) ont mis en
évidence des modulations tres significatives de 1’expression de génes du systéme immunitaire
par les polluants, en conditions contrdlées et dans la nature (Evrard et al., 2010b; Marchand
et al., 2006; Williams et al., 2003). Par conséquent, il serait probablement judicieux d’étudier
la réponse d’autres geénes impliqués dans I’immunité comme celle d’une autre cytokine pro-

inflammatoire I’interleukin 1 ; ceci permettant de confirmer que la réponse du TNF est bien
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liée a une réponse inflammatoire. De plus d’autres marqueurs au niveau cellulaire pourraient
étre mesurés par cytométrie comme par exemple la flambée oxydative ; Il s’agit ici d’une
mesure complémentaire de la capacité de phagocytose qui donne une indication, non plus de

la capacité a phagocyter une bille, mais a détruire un élément phagocyté.

2.3 Importance et complexité des marqueurs de détoxication et de
génotoxicité

Les biomarqueurs de détoxication sont tres utilisés écotoxicologie car leur induction
est le plus souvent la conséquence d’une pollution plus ou moins spécifique. L’induction de
CYPI1ALI ou de I’activit¢ EROD est le plus souvent due a la présence de HAPs ou de PCB-dl
alors que l'induction de MT s’explique par la présence de métaux. Néanmoins, il faut
interpréter ces derniers biomarqueurs avec précaution, car comme le suggere I’étude de
populations naturelles de poissons (chapitre 2 et 3), ’absence d’induction ne signifie pas
forcément une absence de polluants. Ainsi, ’expression du géne CYPI1AI n’est pas induite
pour les flets de la Seine, malgré une contamination avérée en PCBs et HAPs dans cet
estuaire. De méme, si les poulamons immatures montrent une augmentation de 1’activité
EROD, elle n’est pas retrouvée chez les sub-adultes qui vivent pourtant dans le méme
environnement. A I’inverse, la MT est induite chez les poulamons prélevés dans deux sites
contaminés aux métaux, mais uniquement pour le stade sud-adulte. Ces résultats suggerent
que si la MT est une biomarqueur de la présence de métaux, une certaine bioaccumulation est
nécessaire pour que la MT soit induite et/ou détectable. Par conséquent, ces marqueurs de
détoxication (CYP1A1, EROD et MT) sont a interpréter avec précaution ; ’absence de leur
induction pouvant s’expliquer aussi bien par 1’absence de contaminants que par la présence
de substances inhibitrices de leur expression ou de leur activité, ou par le fait que les poissons
sont trop jeunes pour avoir accumulé suffisamment de polluants. Rappelons qu’une absence
d’induction d’un processus de détoxication peut étre aussi liée a une adaptation développée
dans une population chroniquement exposée aux polluants sur plusieurs décennies, des
signatures adaptatives ayant été étant clairement identifiées chez différentes populations de
flets en milieux estuariens (Calves et al., 2012; Marchand et al., 2010; Marchand et al.,

2004)

La BHMT est une enzyme catalysant la méthylation de I'homocystéine en méthionine.
De nombreux travaux ont montré sa dérégulation tant au niveau de I'expression du gene que

de l'accumulation de protéine, en réponse a une contrainte environnementale et notamment a
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la contamination chimique ; son implication dans les mécanismes de détoxication de phase II
a ainsi été proposée (Annexe 1; Evrard et al., 2012; Evrard et al., 2010b; Marchand et al.,
2006). La BHMT pourrait étre impliquée dans un cycle aboutissant a la production de
glutathion (GSH) (annexe 1). Le GSH intervient a la fois dans les défenses antioxydantes (par
I’intermédiaire de la GPx) et dans la détoxication par conjugaison avec les xénobiotiques
catalysée par la GST (ce qui permet leur excrétion). Afin de confirmer cette hypothese, il
pourrait étre intéressant de cibler les autres protéines impliquées dans le cycle aboutissant a la
production de glutathion et dont fait partie la BHMT (Annexe 1, Fig 7), comme par exemple
la. SHMT (Serine hydroxymethyltransferase) et la méthionine synthase (MS). Une
investigation sur ces deux derniers geénes pourrait €tre envisagée, afin d’évaluer si leurs

niveaux d’expression peuvent étre corrélés avec celui de la BHMT.

Les dommages a ’ADN n’ont pu étre mesurés sur le terrain, par la difficulté a prélever
rapidement du sang sur un organisme de petite taille sur le terrain. Le test comete montre une
différence du signal génotoxique significative entre flets témoins et flets contaminés, apres 29
jours de contamination avec un niveau de HAPs + PCBs de ’ordre de 10 fois celui rencontré
en estuaire de Seine. Malgré une non différenciation significative du niveau moyen de
génotoxicité entre témoins et pollués aprés 14 jours d’exposition, I’analyse factorielle multi-
parametres met cependant clairement en évidence que c¢’est le seul marqueur qui permet de
ségréger les groupes de poissons selon leur nature, i.e. pollués ou témoins. Il serait donc
souhaitable dans le futur de mener aussi des explorations sur les signaux génotoxiques des
flets juvéniles face a la pollution en milieux naturels ; un travail récent ayant souligné la forte

pertinence de ce marqueur pour le flet 0+ en milieux estuariens (Evrard et al., 2012) .

2.4 Biomarqueurs de la variabilité génétique

L’ensemble des marqueurs présentés précédemment peuvent étre pertinents pour
explorer la réponse d’organismes a la pollution et pour effectuer un diagnostic de la qualité
des eaux estuariennes. Néanmoins, ces marqueurs a eux seuls ne peuvent mettre en évidence
I’existence d’adaptation locale liée a des pressions de sélection dans les milieux naturelles.
Pour cela, de nouvelles explorations sont nécessaires afin d’évaluer la variabilité génétique

des populations sur des sites plus ou moins contamings.

Par exemple, sur le flet, Marchand et al. (2010) observent une augmentation de la

fréquence de I’allele A du locus p53 sur les sites contaminés par rapport au site de référence.
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Le p53 est une protéine impliquée dans le contrdle de la croissance cellulaire et le maintien
de l’intégrité du génome. Les individus portant I’alléle A de p53 pourraient avoir été
sélectionnés sur les sites contaminés, car ils présentent vraisemblablement une meilleure
fitness relativement aux autres génotypes dans les sites pollués. En 1’absence d’une telle
approche, il n’est pas possible de savoir par exemple si I’absence d’induction de CYP1A1 sur

le flet de la Seine est la conséquence d’une sélection-adaptation dans cette population.

Calves et al. (2012) ont mis en évidence sur le flet, une différence d’hétérozygotie entre
les populations polluées de la Tamar et de la Seine par rapport a celle de la Canche, au niveau
du locus AMPDI. L’AMPDI1 est impliquée dans le métabolisme énergétique et plus
particulierement dans la stabilisation de la charge énergétique (Chapman et Atkinson, 1973;
Yoshino et Murakami, 1981). Ces résultats suggérent que les pressions induites par les
contaminants ont pu entrainer une sélection dans les populations de Seine et de Tamar,
retenant les génotypes associés a un meilleur bilan énergétique et donc a une meilleure
capacité¢ de résistance au stress chimique (Calvés, 2011). Si ces pressions de sélection
s’exercent principalement lors du premier hiver (donc entre le passage de I’age 0+ a 1+), cela
pourrait expliquer pourquoi la cohorte de flets 0+ sur la Seine présente une CCO ¢élevée
relativement a celle d’une population témoin (Canche) , alors qu’il n’existe plus de
différentiel d’activit¢ de la CCO entre les cohortes 1+ pour Seine et Canche. Ce type
d’approche sur un geéne candidat li¢ a la détoxication pourrait aussi permettre d’identifier une

réponse adaptative du flet vis-a-vis de la détoxication en milieux pollués.

3 QUEL TYPE DE CONTAMINATION EXPERIMENTALE A
PRIVILEGIER ?

Un autre moyen d’appréhender I’effet de possibles adaptations locales au sein de
populations est de réaliser une expérience de type « jardin commun » (« common garden » en
anglais). Ce type d’expérience consiste a ramener au laboratoire et & maintenir simultanément
en ¢levage des poissons issus de plusieurs populations naturelles. Une telle expérience a été
menée avec succes sur le flet au laboratoire LEMAR, en collaboration avec 1I’équipe ARN
(Adaptation — Reproduction — Nutrition) d’Ifremer-Brest, dans le cadre du programme ANR-
EVOLFISH. Des poissons de la cohorte 0+ ont été capturés dans un estuaire au Portugal (le
Mondego) et dans deux estuaires en France (La Seine et la Vilaine) ; ils ont été maintenus en
captivité pendant plusieurs mois en conditions controlées. Ces poissons ont subi un challenge

thermique et/ou chimique. Il a été ainsi possible d’évaluer si la réponse a une perturbation est
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similaire quelle que soit 1’origine populationnelle des poissons, ou au contraire d’identifier de
possibles capacités différentielles a résister aux stress, i.e. des adaptations locales. Cette étude
en « jardin commun » a notamment mis en évidence que les populations du Mondego étaient
plus vulnérables face aux conditions de stress thermique ou chimique, relativement aux autres
populations, et que ce différentiel de vulnérabilité était accru en situation de multi-stress
(stress thermique + chimique) ; les poissons du Mondego présentant alors une altération de
leur capacité a produire de 1’énergie et un amaigrissement, relativement aux poissons de

Vilaine et Seine.

On pourrait donc imaginer de mener une expérience similaire de type « jardin
commun », a partir du savoir-faire acquis par le Laboratoire Lemar, pour comparer les
performances de flets issus de Seine, Canche et Tamar, vis-a-vis de contaminations
expérimentales. Pour les populations de poulamons, les niveaux de bases des biomarqueurs
envisagés restent souvent peu connus pour cette espeéce. Il serait l1a aussi trés pertinent de
réaliser un «jardin commun» sur le poulamon en considérant au laboratoire, les
performances de poissons issus d’un site peu contaminé telle que Riviere-Ouelle et de deux

sites fortement contaminés, tels que Penouille et Sept-iles.

La réalisation d’une contamination par des aliments contenant un mélange de
polluants reste un bon moyen d’approcher les conditions naturelles (puisque la contamination
se fait en grande partie par la chaine alimentaire), tout en contrlant les concentrations et le
types de polluants (Daouk et al., 2011). Un tel moyen de contamination semble donc
préférable a une contamination par injection ou balnéation. D’autre part, les études réalisées
sur les populations naturelles ont montré que les métaux sont également des polluants tres
présents dans certains milieux (par exemple sur la Tamar pour le flet et a Penouille pour le
poulamon) et qu’ils peuvent entrainer des modulations du systéme immunitaire. Par
conséquent, il serait probablement trés pertinent d’ajouter un polluant métallique au cocktail
HAPs +t PCBs, comme par exemple du cadmium et/ou du cuivre. Enfin, le cocktail utilisé
dans notre approche expérimentale sur le flet, & un niveau de concentration dans I’aliment
similaire a celui de la Seine, a entrainé une réponse relativement faible des poissons, pour une
durée courte d’exposition de 29 jours. Aussi en maintenant notre objectif de s’approcher des
conditions naturelles, la durée de la contamination pourrait étre rallongée a 5 mois ; cette

durée correspondrait sensiblement a la période d’imprégnation nécessaire pour un flet en
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estuaire pollué, pour montrer les premiers signaux de réponse au stress chimique (Evrard et

al., 2012).

Enfin, parallélement au suivi des différents biomarqueurs évoqués dans les chapitres
précédents, la pertinence des marqueurs immunologiques serait particuliérement testée par un
challenge viral, apres la période de contamination expérimentale. Notre objectif serait ici
d’évaluer si les modulations du systéme immunitaire identifiées sont suffisantes pour
sensibiliser les poissons a la présence de pathogenes. De telles expériences ont démontré que
la présence de polluants pouvait diminuer le temps de vie des poissons exposés aux virus

(Danion et al., 2012a).

4 QUELS SITES D’ETUDES, PERIODES ET MODELES CHOISIR
EN MILIEU NATUREL ?

L’une des questions soulevées par 1’étude sur le poulamon est 1’existence d’un gradient
Est/Ouest de différenciation dans les réponses des biomarqueurs, potentiellement li¢ a
I’hydroclimat et pas forcément majoritairement au stress chimique (chapitre 4). L’ajout d’un
site contaminé, a proximité géographique des sites de référence, permettrait d’évaluer la part
de réponse liée a la contamination, de celle liée a I’hydroclimat. Il existe un herbier a zostére
a proximité du port de Rimouski, une ville situé¢ a environ 100km au Nord de Cacouna. Des
échantillonnages réalisés dans cet herbier ont déja montré la présence de poulamons (Nellis et
al., 2012) ; par ailleurs, du fait de la présence de la ville et du port de Rimouski, ce site est
potentiellement contaminé. L’ajout de ce site pourrait donc étre envisagé pour de futures
¢tudes sur le poulamon. Les sites échantillonnés en France et au Québec sont des sites
présentant des niveaux contrastés de pollution, aussi des dosages chimiques seront aussi
nécessaires (dosages des métaux et polluants organiques, dans les sédiments et dans les tissus

des poissons) afin de mieux caractériser la contamination des sites.

Lors des études sur les populations naturelles (chapitre 3 et 4), les poissons ont été
capturés au moins de septembre ou octobre donc avant I’hiver, aprés que les poissons aient
passé un été dans I’estuaire. Néanmoins, de nombreuses études ont démontré qu’une grande
part de la variabilité des biomarqueurs était liée a la saison (Kirby et al., 2004; Kopecka et
Pempkowiak, 2008; Pelletier, Guderley et Dutil, 1993). Par exemple, entre le mois de juillet
et de décembre, Evrard et al. (2012) notent chez des flets échantillonnés dans la Vilaine, une

augmentation du métabolisme enzymatique (expression du géne ATPase), de I’expression de
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la. BHMT et des dommages a I’ADN. Ces différences entre les réponses estivales et
hivernales sont souvent plus marquées dans les estuaires contaminés que dans les estuaires
peu pollués (Laroche et al., 2012). Cela peut s’expliquer par I’'impact des conditions
environnementales sur la réponse des biomarqueurs (effet de la température, salinité,
croissance...), mais aussi par des modifications de la source, des concentrations et de la
nature des polluants présents dans les estuaires, selon la saison considérée. De plus, des
perturbations spécifiques supplémentaires peuvent apparaitre a certaines saisons et
notamment une augmentation de la température et des phénomenes d’hypoxie en été. Ces
perturbations peuvent accentuer ’effet des polluants sur les organismes. Il serait donc
intéressant d’étudier dans quelle mesure la réponse du flet ou du poulamon au stress chimique

pourrait étre différente entre 1’été et 1’hiver.

L’un des objectifs de cette thése était d'identifier les convergences ou divergences
dans la réponse des deux modeéles (le flet et le poulamon) face aux stress chimiques. Les
¢tudes réalisées ici confirment que ces deux espeéces pourraient étre de bonnes espéces
sentinelles de la qualité des milieux estuariens ; la plupart des biomarqueurs mesurés sur
chacune de ces especes semblant modulés par les contaminants. Pour des raisons techniques,
tous les marqueurs n’ont pu étre mesurés chez les deux especes simultanément. Uniquement
la capacit¢ de phagocytose, I'activité de la CCO et le CF ont été mesurés sur le flet (en
conditions controlées et environnementales) et le poulamon (Tableau 5). De plus, si
I’expression du gene CYP1AI a été mesurée sur le flet, I’activit¢ EROD dépendante du
CYPI1A1 a été mesurée sur le poulamon, ces mesures peuvent donc étre comparées afin
d’évaluer la convergence des réponses des deux espeéces a la pollution. 11 apparait, pour les
deux especes, que si activité liée au cytochrome P450 peut étre induite potentiellement en
présence de polluants, la présence de contaminants n’est pas toujours associée a ’activation

du cytochrome P450.

La mesure de l'activit¢ de la CCO ne donne des résultats pertinents que sur les
populations naturelles de flets 0+. L’absence de réponse sur le flet dans les autres conditions
ou sur le poulamon ne semble pas liée a I’espéce étudiée, mais plus a la forte variabilité inter-

individuelle du paramétre.

La variation du CF pourrait étre plus sensible chez le flet puisqu’elle semble, dans
certain cas, liée a la présence de contaminants (diminution du CF sur la Seine et la Tamar en

2009), ceci n’étant pas le cas pour le poulamon. Mais chez les deux especes, on note
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¢galement que le CF peut étre influencé par les facteurs confondants (pas de différence en

2010 pour le flet et un CF plus élevé pour le poulamon sur les sites les plus a I’Est).

L’activité de phagocytose ne donne pas de résultats concluants en conditions
controlées sur les flets d’élevages et est réduite, pour le flet comme pour la poulamon, dans
les sites contaminés. Il serait intéressant de mesurer d’autres parameétres immunitaires tels
que le lysozyme ou le cycle cellulaire, sur les deux especes afin de voir si ’on peut vérifier
une certaine convergence dans les réponses immunitaires de ces modeles face aux polluants.
Il faut noter que les deux especes en milieux naturels ne sont pas forcément soumises aux
meémes types de contaminants et que les différences de réponses qui pourraient apparaitre

seraient a considérer avec précautions.

Enfin, se pose la question de I’age des poissons. Des poulamons et des flets de la
cohorte 0+, 1+ voir 2+ ont été capturés et les analyses réalisées démontrent que leurs
réponses, en présence de polluants, peuvent étre différentes selon les ages. Par exemple,
I’activité EROD est induite chez les poulamon 0+ mais pas chez les poissons les plus agés.
Marchand et al., (2006) ont réalisé¢ une étude comparative de la réponse de flet juvéniles et
adultes (males et femelles pris séparément) dans un estuaire peu contaminé et un estuaire
présentant une pollution aux pesticides ; Ils observent une modulation de I’expression de
genes liés notamment au métabolisme général, a la production d’énergie et au transport de
protéines. De la méme manicre dans notre étude, I’activité EROD n’est induite que chez les
poulamons immatures de Cacouna et Penouille, (et pas chez les sub-adultes de ces mémes
sites) et ’activité de la CCO n’est augmentée que chez les flets 0+ de la Seine (et pas les 1+).
Le statut physiologique et le régime alimentaire des poissons peuvent étre différents entre les
0+ et les 1+ et ainsi expliquer qu’ils ne soient pas soumis a la méme pollution. Des pressions
de sélections s’exercent sur les poissons au cours de I’hiver et peuvent elles-aussi expliquer
que les réponses des biomarqueurs soient différentes entre les 1+ et les 0+. Ainsi, travailler
sur des poissons 0+ peut permettre d’évaluer des différences de réponses entre les sites, avant
que les pressions de sélection ne se soient réellement exercées. Les 1+ sont quant a eux des
poissons qui ont subi une premicre pression de sélection au cours de I’hiver. Bien que cela
soit treés coliteux en termes de temps passé€ sur le terrain, il semble donc trés pertinent de

continuer a explorer les réponses des juvéniles 0+ comme des 1+ dans les milieux naturels.
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5 PERSPECTIVES

Quelques-unes des questions soulevées précédemment et les perspectives que ’on
pourrait envisager suite a ce travail de thése sont présentées de facon schématique dans la

Figure 9.

Les ¢études expérimentales et les explorations sur le terrain sont parfaitement
complémentaires ; la réalisation couplée de telles approches permet de mieux comprendre la
part de la réponse du poisson liée aux polluants et celle en relation avec les facteurs
confondants de I’environnement. Le flet et le poulamon sont visiblement de bonnes especes
sentinelles de la qualité des milieux estuariens, aussi des études pourraient étre conduites sur

ces deux especes en se concentrant sur la réponse des stades juvéniles (0+ et 1+).

Une approche de type « jardin commun » a partir de poissons venant de trois sites (pour
le flet, comme pour le poulamon) permettrait d’appréhender la résultante de possibles
pressions de sélection et aiderait a approfondir les mécanismes de réponse mis en jeux lors
d’un stress chimique. Le protocole de I’expérience de contamination pourrait étre établi en

prenant en compte les questions soulevées dans cette theése :

- augmentation du temps de contamination afin d’évaluer la durée d’exposition
nécessaire pour observer des réponses a un niveau de contamination réaliste

relativement a celui de I’environnement,

- complexification du mélange de contaminants afin de prendre en compte I’effet des

métaux,

- réalisation d’un challenge virale en fin de contamination expérimentale, pour
confirmer que [D’altération du systéme immunitaire puisse s’accompagner d’une

augmentation de la sensibilité¢ au pathogene (Figure 9Figure 9, en vert en haut).

Les études sur le terrain ont montré qu’il était parfois difficile de faire la part entre les
modulations dues a la présence de polluants et celles liées aux facteurs confondants. Afin de
mieux prendre en compte ces parametres, il serait nécessaire a I’avenir de mieux caractériser
les sites d’étude (Figure 9, en vert en bas). Pour cela, des dosages chimiques devront étre
réalisés sur les poissons et les sédiments des zones échantillonnées. Les conditions hydro-
climatiques (température, salinité...) doivent é&tre également prises en compte et un
¢chantillonnage de poisson en été et hiver permettrait d’étudier I’effet de la saison sur les

marqueurs retenus.
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Enfin, de nombreux biomarqueurs utilisés au cours de cette thése ont montré des
réponses qui pourraient étre liées a la présence de contaminants. Leur utilisation semble donc
pertinente pour de nouvelles études. Néanmoins, d’autres paramétres pourraient étre mesurés
afin (1) de mieux comprendre les mécanismes de réponses au stress chimique, les liens entre
ces mécanismes, et (2) de proposer a terme, de nouveaux indicateurs de 1’état des
écosystemes estuariens. La Figure 9, reprend plusieurs des parametres dont 1'utilisation a été
suggérée dans ce chapitre (Figure 9, encart violet). Il serait par exemple pertinent de
compléter certaines approches en expression de genes par des analyses au niveau de la
protéine afin de détecter des inhibitions post-transcriptionnelles ou des décalages entre
I’induction d’ARNm et celle de la protéine. La mesure de marqueurs de la réponse anti-
oxydante pourrait également donner des indications sur 1’éventuelle présence de ROS et ainsi
aider a déterminer dans quelles mesures ils sont responsables des dommages a I’ADN et des
modulations du systéme immunitaire. D’autres marqueurs immunologiques pourraient &tre
¢tudiés afin de mieux appréhender la complexité des réponses de ce systeme face aux

polluants.

Pour conclure, ce travail de thése a permis de compléter certaines connaissances sur la
réponse des poissons a la contamination, en utilisant une approche multi-parametres. Cette
thése souleve également de nombreuses questions qui mettent en évidence la complexité des
¢tudes écotoxicologiques et la nécessité d’approfondir nos connaissances sur les mécanismes

de la réponse des poissons face a la contamination chimique.
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ABSTRACT

PCBs and PAHs are persistent organic chemical pollutants that accumulate in estuarine
sediments. As a consequence, flatfish such as Platichthys flesus may be subjected to these

compounds, and are often used as sentinel species to monitor the estuarine water qualities.

In this study, we performed an experimental contamination of fish using a PCBs/PAHs
mixture at concentrations found in the Seine estuary (C1), and 10 fold this concentration (C2)
during 15 or 30 days, followed by a 15-days recovery period. Chemical analysis of fish
proved the efficiency of contamination. We developed a proteomic approach to understand

the molecular mechanisms underlying the adaptation of P. flesus to these xenobiotics. We
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showed 54 protein spots differentially accumulated (p-value < 0.05) in one or several
conditions, 34 of which displaying accumulation factors higher than 2, and we identified 13
of them by MALDI TOF-TOF mass spectrometry. We could determine that several proteins
belonging to the betaine demethylation pathway and the methionine cycle (BHMT, SHMT,
SAHH) were accumulated, and showed for BHMT a similar expression pattern at the
transcriptional level. This accumulation was related to that of the glutathione metabolism
enzymes GST and GPx. The other identified proteins were oxidative stress proteins, and

proteins involved in the energy metabolism.

Key words: Platichthys flesus, proteomics, pollution, biomarker, betaine and

methionine metabolism, PAH, PCB, BHMT.

1 INTRODUCTION

Estuaries are connection zones between land and sea, what gives them a high ecological
importance as they often contain high levels of nutrients and organic materials and serve as
nurseries for a number of marine organisms (Able, 2005; Vasconcelos et al., 2011).
Moreover, estuaries are often located near towns and industries and are impacted by a range
of human activities. Estuaries receive particles carried out within the drainage basin,
including urban and industrial development as well as intensive agriculture. Thus, estuarine
waters and sediments accumulate xenobiotics such as heavy metals and organic
contaminants, that degrade the overall quality of the remaining estuarine habitats for marine

organisms (Courrat et al., 2009).

Among chemical pollutants, organic ones are of important concern. Indeed, they are
hydrophobic and remanent in the environment where they are fixed on organic materials.
They bioconcentrate in organisms and bioaccumulate in the food web (Loizeau et al., 2001).
High predators such as carnivorous fish are thus subjected to elevated concentrations of these

contaminants.

Polycyclic aromatic hydrocarbons (PAHs), and polychlorobiphenyls (PCBs) are
produced by industrial and agricultural activities. They are recognized to have adverse effects

on organisms including genotoxicity, embryotoxicity, cancerogenicity or immunotoXxicity

167



Annexe 1 : Réponses du flet en conditions expérimentales - approche 2D

(Cachot et al.,, 2006). They also induce detoxification enzymes especially through the
activation of the arylhydrocarbon receptor (AhR) (Blanchard et al., 1999; Wang et al., 2009).
PCBs are divided in two classes: dioxin like PCB (PCB-dl) and non dioxin like PCBs (PCB-
ndl); the first one being able to bind the Ahr on the contrary to the second (Takigami et al.,
2010). After these observations, biomarkers have been determined to monitor both the effects
of pollutants on the organisms and their response and have been used to monitor and evaluate

the organic contamination in organisms.

Recently, -omics studies in ecotoxicology demonstrated their utility to study and better
understand the molecular mechanisms and to identify new biomarkers. As effectors of
cellular mechanisms, receptors, structure or signaling molecules, proteins are key molecules
of the cell machinery and then, of the organisms functioning. Proteomic tools allow the
identification of proteins which abundances change as a result of environmental pressures,
thus giving essential information on the actual physiology of organisms under adverse
conditions (Tomanek, 2011). A few proteomic studies were focused on PCBs and PAHs
effects in fish. Berg et al. (2011) studied the brain proteome of the Atlantic cod Gadus
morhua after PCB153 contamination. PCB153 is often considered alone in studies as it is
considered as representative of other PCBs in the environement. It is the most
bioaccumulated PCB. Sanchez et al. (2009) studied the effects of an acute exposure of 2
PAHs (toxaphene, phenanthrene), a PCB (PCB126) and Cadmium chloride independently on
the liver proteome of the largemouth bass (Micropterus salmoides). Whereas all these studies
used specific contaminants, Bohne-Kjersem et al. (2009) studied the plasma proteome of the
Atlantic cod Gadus morhua after crude oil contamination, containing a combination of PAHs.
Besides, Costa et al. (2010) studied the liver proteome response of soles Solea senegalensis
after subacute exposure to Cadmium, Benzo(a)pyrene or their combination. They
demonstrated that the combined effects are different of the effects of each pollutant
independently. It is indeed well known that combining contaminants may cause synergistic or
antagonist effects, and that the effects of the combination can be different from those of each
contaminant independently (Cellander, 2011). In the environment, chemical contaminants are

present associated to each other but only a few studies used combinations of chemicals.

In this study, the european flounder Platichthys flesus was contaminated through food
with a cocktail of contaminants designed to reflect the levels of PAHs and PCBs found in the
Seine (Cachot et al., 2006), one of the most polluted estuary in Europe (Tronczynski et al.,

1999 ; Motelay-massei et al, 2004). the European flounder Platichthys flesus is a
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catadromous fish living in estuaries, so that these ecosystems are described as nurseries for
them (Dando, 2011). P. flesus is known to display a high capacity to adapt to changing
environments characterized by reduced salinity, hypoxia and highly variable temperatures
(Larsen et al., 2007; Hemmer-Hansen et al., 2007; Evrard et al., 2010; Marchand et al., 2010).
Juvenile flatfish feed on benthic organisms and live in close association with the bottom
sediments, where most of the chemicals introduced into aquatic environments by human
activities do accumulate. They are considered as particularly sensitive to the effects of
pollution and other types of habitat degradation (Skerritt, 2010), and as a consequence are
considered as a valuable sentinel species often used to monitor estuarine water quality
(Amara et al., 2009; Lyons et al., 2010; Leaver et al., 2010). Nevertheless, at this time, only
two proteomic studies have been devoted to this species (Galland et al., 2012; Galland et al.,
in prep). Galland et al. (2012) were able to discriminate the proteomic signatures of flounder
from polluted estuaries from that of flounder from non polluted ones, thus showing the
potential of flounder proteomics in an environmental monitoring perspective. In this paper,
we developed a global proteomic approach by two-dimensional electrophoresis (2-DE) to
identify differentially expressed proteins in P. flesus subjected to oral contamination by a
cocktail of PAHs and PCBs designed to reflect the concentration found in the Seine, and 10
times this concentration. The aim was to identify accumulated proteins in the livers, the main
detoxification organ, in order to better understand the response mechanism to contamination

by PAHs and PCBs, and to identify potential new protein biomarkers.

2 MATERIALS AND METHODS

2.1 Experimental design and procedure

Juveniles of P. flesus (cohort 0+) were purchased in a farm (Fishlab, Danemark) in
October 2010. They were then reared in our laboratory in experimental tanks, the water being
directly collected in the Bay of Brest salinity ~ 35g/1, temperature maintained between 14 and
17°C). After 14 days acclimation, 13 fish were sacrificed as a control (T0) and remaining fish
were separated in 6 groups: 2 control groups (control and control+solvent) and 2
contaminated groups in batch replicates (C1 and C2). Fish were contaminated through food
with granulates soaked with a PAH/PCB mixture dissolved in iso-octane (Table 1) designed
to reflect the PAHs (Cachot et al., 2006) and PCBs (Abarnou and Duchemin, 2008)

concentrations in respectively sediments and fish measured in the heavily polluted Seine

169



Annexe 1 : Réponses du flet en conditions expérimentales - approche 2D

estuary (C1) and 10 times these concentrations (C2). Mixture was prepared by IDHESA
laboratory and pellets contaminant load was in granulates by IDHESA to check the efficiency

of the impregnation (Table I).

After 14 (t14) and 29 days (t29) contamination, 13 fish were sacrificed per group. Fish
were then refed with normal commercial granulates and 10 fish per group were sacrificed

after 14 days recovery (i.e. 43 days after t0).

One day before t0, animals were tagged and their standard lengths (Lsd, i.e., until the
hypural joint) and total weights were measured. Each sampling operation was conducted with

the following protocol:

(1) the Lsd and total- and gutted-carcass weight were measured per fish, and a blood
sample was taken in the caudal vein with a heparinized syringe; a part of blood sample was
diluted (x100) in a cryopreservative buffer (Evrard et al., 2010) for the Comet assay before

being frozen in liquid nitrogen;

(2) fish were knocked out and fragments of liver were quickly dissected and frozen in

liquid nitrogen; the carcass of each fish was stored at -20°C until PCBs analysis.

Samples were kept at -80°C until further analysis. 10 samples per condition and organ
were kept for biomarker analysis (BHMT gene expression by qPCR in the liver ; COMET
assays in the blood). 3 livers per condition were kept for proteomic analyses by two-

dimensional electrophoresis.

Visual inspection did not reveal any trace of liver pathology or parasite infection. All
experiments were performed according to the guidelines laid down by the french "Ministére
de 1'Agriculture" and the European Union council directive for the care and use of laboratory

animals.

2.2 Biometric indexes
The body condition factor (CF) was calculated by the formula: CF = 100 x W / Lsd3,
where W is the gutted-carcass weight (g) and Lsd is standard length (mm) of each fish.

The growth of each fish was estimated by the measured of the specific growth rate
(SGR) by the formula : SGR (%/day) = 100 x ( In Wt — InWO0 ) / t, where WO and Wt are the
initial and final weights respectively and t is time (day) (Talbot, 1993).
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2.3 Food preparation and PCBs analysis in food and fish

Commercial food (Inicio plus, 1.9 mm), obtained from Biomar (France), consisted of a
formulated feed containing 61% crude protein and 33% crude fat. Spiked food was prepared
by batch to avoid deterioration and by slowly adding an iso-octane solution of known
amounts of thirteen PCBs congeners and 9 PAHs, (AccuStandard Inc., New Haven, USA,
purity above 98%) to food pellets in order to prepare diets. PCBs mixtures were composed of
the seven indicator PCBs congeners (CB28, 52, 101, 118, 138, 153, 180), and a few others to
describe a larger range of chlorination from 3 to 8 chlorine atoms (CB105, 126 149, 156, 170,
194). The latter compounds were chosen because they can highlight any underlying
mechanisms acting on the distribution of organic contaminants in biota, i.e. bioaccumulation
or biotransformation. CB153 is not metabolized and is used as a representative of all thirteen
congeners. PAHs mixtures were composed of 9 high molecular weights PAHs (three to five
rings) found in European and American estuaries and already used in several studies of

contamination with PAHs mixtures (Arkoosh et al., 2001; Bravo et al., 2011).

Two diets were prepared: PCBs&PAHs-medium (C1) and PCBs&PAHs-high (C2) for
which targeted concentrations of individual congeners are shown in Table I. PAHs being
metabolized, only the PCBs concentration was measured to confirm the fish contaminations.
Batches of spiked food were stored in amber containers in a cool, dark place throughout their

use (circa 1.5 months). Individual PCB congener concentrations were determined in each

batch of spiked food (Table 1).
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Table I: Concentration of chemical pollutantS measured in the saoking solution, in pellets and in carcasses at TO and T29 in control (control and control+iso-
octane) and contaminated ( C1 and C2) fish. Concentrations are given in ng/g of dried-weight. Concentrations were quantified in one representative sample in
pellets and in carcasses of n fish. Results in fish are given as mean+sd.

Control
with iso- Final concentration in carcasses
octane
g/(ljlaustl;larnet(: fl? f:;gtratlm of In pellets soetllgng In pellets soallﬁi.ng In pellets TO (n=5) te (Eig)x Xl;f (13:(;) &LTI%()) ?13:11”35)
solution solution
PAH :
fluoranthéne 23 210 189 2100 2072 nm nm nm nm nm
pyrene 3.2 200 176 2000 1916 nm nm nm nm nm
benzo(a)anthracéne 0.7 70 49.6 700 640 nm nm nm nm nm
chryséne L5 130 84.8 1300 1144 nm nm nm nm nm
benzo(b)fluoranthéne 23 170 116 1700 1501 nm nm nm nm nm
benzo(k)fluoranthéne 0.7 60 433 600 529 nm nm nm nm nm
benzo(a)pyréne 1.3 60 42.1 600 517 nm nm nm nm nm
indeno(1,2,3-cd)pyréne nm 50 nm 500 514 nm nm nm nm nm
benzo(ghi)péryléne 0 50 54 500 435 nm nm nm nm nm
S HAP = 12 1000 754.8 10000 9268
PCB :
CB 28 0 5 42 50 47.1 3.14£0.13 2.3240.14 2.48+0.26 6.79+0.30 26.41+1.39
CB 52 0.4 25 243 250 252 1.76+0.17 1.08+0.16 1.14+0.18 13.15+0.65 154.247.40
CB 101 1.6 >0 38 500 470 +46.3342 3.840.18 3.36+032 43.59+2.02 452842155
CB 149 2.1 50 42.8 500 477 2.32+0.29 2.26+0.17 2.3240.52 26.85+1.75 301.7+15.74
CB 118 1.1 50 41.7 500 465 6.64+0.40 5.76£0.17 6.16+0.40 38.11+1.46 371.6+24.82
CB 153 3.3 100 86 1000 939 2.06+0.41 2.4£0.25 2.74+0.17 55.79+3.19 609.4+31.56
CB 105 1.4 25 203 250 238 1.62+0.10 1.15£0.04 0.92+0.10 12.25+0.68 156.249.11
CB 138 26 100 79.4 1000 911 3.54£0.32 3.140.12 2.94+0.25 50.63+2.80 569+28.91
CB 156 12 25 203 250 218 0.92+0.06 0.8+0.02 0.76+0.05 10.8+0.62 137.848.79
CB 180 1.4 50 37.9 500 449 1.92+0.12 1.76=0.04 1.84+0.05 23.49+1.40 271.6+16.86
CB 170 L5 25 17.7 250 212 1.86+0.41 2.11£0.16 1.56+0.07 9.95+0.76 116.9£12.01
CB 194 5 35 50 42.5 0.24+0.02 0.23%0.02 0.25+0.06 2.2£0.15 25.12+1.58
CB 126 5 39 50 46.9 nm nm nm nm nm
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CB 31 nm nm nm nm nm 2.62+0.17 1.94+0.02 2.34+0.25 3.25+0.17 4.79+0.31
CB 110 nm nm nm nm nm 1.944+0.13 2.02+0.09 2.14+0.31 2.4+0.18 3.44+0.15
CB 132 nm nm nm nm nm 1.94+0.25 1.1540.02 1.14+0.07 1.7+£0.29 2.97+0.28
CB 187 nm nm nm nm nm 1.02+0.12 0.96+0.07 1+0.09 1.28+0.11 2.39+0.23
CB 128 nm nm nm nm nm 1.56+0.13 1.26+0.07 1.24+0.09 1.72+0.04 3.28+0.08
> PCB 16.6 515 425.8 5150 4767.5 39.44 34.10 34.33 303.95 3209.6
> totale de contaminant 28.6 1515 1180.6 15150 14035.5
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Non-spiked food was also analyzed for PCB levels, and concentrations were between
<0.05 ng/g dry weight (dw) and 3.0 ng/g dw (mean value calculated on 5 replicates)
depending on the congener. In addition to congeners included to spike the contaminated food,
CB 31 (not detected; nd), CB 77 (nd), CB110 (0. 75 ng/g dw), CB132 (nd), CB128 (nd),
CB187 (nd) non-added congeners and p,p_ DDE (3.50 ng/g dw) were measured.

PCB analyses in fish carcasses were performed according to the protocol described by
Bodiguel et al. (2009). Briefly, approximately one gram of freeze-dried fish carcass were
extracted in a hot Soxhlet extraction apparatus (Soxtec) over 1.5 h with a hexane:acetone
mixture (80:20). The amount of extracted fat was determined by gravimetric analysis. Then,
two successive cleanups were performed on the extractible material. First, lipids and co-
extractible materials were destroyed by adding concentrated sulphuric acid. The cleaned
extract was then purified by adsorption chromatography on a Florisil column (16% MgO +
84% Si02, activated for 1.5 h at 500°C, deactivated with 3% of demineralised water) and
eluted with pentane. Finally, PCB congeners were analyzed by gas chromatography with an
electron capture detector, on a HP 5890 series II equipped with a CP-Sil19 capillary column
(60 m length, internal diameter 0.25 mm, and 0.15 um phase film thickness) following
optimized conditions described by Jaouen-Madoulet et al. (2000). The system was calibrated
within quite a large range using a six-points calibration curve to define the linearity range of
our detector (ECD) for all contaminants. The relative precision of the method was checked
for this type of sample by analyzing five aliquots of a homogeneous tissue preparation of fish
muscle. The results showed standard deviations of less than 10% for all congeners, indicating
that the method had a satisfactory reproducibility. During analysis of the real samples,
analytical blanks were systematically measured for every ten samples. The blank
concentrations were always less than the concentrations of the lowest standards of all
congeners. Finally, 5 replicates of a reference material, BCR-CRM349 (Cod Liver Oil) were
analyzed to determine the accuracy and precision of the method. PCB recoveries varied
between 74% and 125%. Furthermore, the RSD values ranged from 4% to 19%, with a mean
of 10% for all PCBs. All of these results were in agreement with certified reference values
and published data (Schantz et al., 1993). The laboratory regularly takes part in Quality
Assurance of Information for Marine Environmental Monitoring in Europe (QUASIMEME)
intercomparison exercises for PCBs in biota and our Z-scores are satisfactory, i.e. between —2

and +2
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2.4 Proteomic analysis

Protein extraction. Proteomic analyses were conducted as described in Galland et al.
(2012). Briefly, frozen fish livers were homogenized in 1 ml of Tris-HCI buffer (100 mM, pH
6.8) containing 1% Protease Inhibitor Mix (GE Healthcare), using a Precellys 24 system
(Bertin Technologies). The supernatants were removed by centrifugation (12 000 g, 15 min,
4°C) and then incubated at ambient temperature for 30 min with 1% DNase mix (GE
Healthcare). Total protein contents were determined using DC protein assay kit (biorad) in

triplicate.

The volume corresponding to 500 pg of proteins was concentrated by TCA (10%, v/v)
precipitation. Proteins were harvested by centrifugation (12 000 g, 10min, 4°C), and the
protein pellet was washed several times using a mix Tris-HCl (50 mM, pH 8) - acetone
(20/80:vol/vol) containing traces of bromophenol blue (used here as a pH indicator), until
neutralisation. Supernatants were then discarded and protein pellets were dried in air, and
then resuspended in 250 pl of Destreak Rehydration Solution (GE Healthcare) containing 1%
IPG buffer pH 3-10 (GE Healthcare).

2-Dimensional Electrophoresis (2-DE) analysis. The proteins from at least 4 animals
per estuary were individually loaded on linear pH 3-10 gradient IPG strips (13 cm, GE
Healthcare). IEF was performed in an Ettan IPGphor III isoelectric focusing system (GE
Healthcare), using the following protocol: a 15-min step at 250 V, a 2-h step 500 V, a 1-h
gradient to 1 000 V, a 2.5-h gradient to 8 000 V, and a final 1.5-h step at 8 000V.

After the first dimension, strips were equilibrated 15 min in an equilibration solution
(2% SDS, 6 M Urea, 50 mM Tris-HCI pH 8.8, 30% glycerol (v/v), BBP) containing DTT
(1%), and then 15 min in the same solution containing iodoacetamide (260 mM). The second
dimension was performed in 10-15% gradient polyacrylamide gel, as described in Budin-
Verneuil et al. (2007). Proteins were revealed by incubating gels in 0.1% Coomassie blue
staining solution (PhastGel Blue R-350 GE Healthcare) overnight, followed by washing in a

methanol - acetic acid - water (30/7/63 : v/v/v) solution.

Electrophoregrams analyses. The analysis was performed on 2/3 2-DE gels per
condition. Gels were scanned, and image- (spot detection and matching) and statistical-
analyses were performed using the Progenesis SameSpot software (Nonlinear Dynamics).
Spots displaying ANOVA p-values below 0.05 (as given by Progenesis SameSpot) were

considered as significant, and were then selected for further analysis. Hierarchical clustering
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were performed on standardized volumes given by the Progenesis Samespot software with
the PermutMatrix software, using Pearson correlation and Ward aggregation method (Caraux

and Pinloche, 2005).

Mass spectrometric analysis. Selected spots were manually excised from 2-DE gels,
and proteins were in-gel trypsinolyzed as described in Budin-Verneuil et al. (2007). Briefly,
gel pieces were first washed in 50 mM ammonium bicarbonate (BICAM), and then
dehydrated in 100 % acetonitrile (ACN). Gel pieces were vacuum dried, and rehydrated with
BICAM containing 0.5 pg trypsin (Promega), and incubated overnight at 37°C. Peptides were
extracted from the gels by alternative washing with 50 mM BICAM and ACN, and with 5%
formic acid and ACN. Between each step, the supernatants were pooled, and finally
concentrated by evaporation using a speed vac (45°C). Samples were then resuspended in
TFA (0.1% in water). Peptides solutions were mixed with the a-Cyano-4-hydroxycinnamic
acid (HCCA, 10 mg/ml of a ACN/TFA/water (60/4/36 : v/v/v) solution), and spotted on a
polished steel MALDI target using the dried droplet method. Peptides were then analysed by
Matrix-Assisted Laser Desorption lonisation Time-Of-Flight tandem mass spectrometry
(MALDI TOF-TOF) in positive ion reflector mode, using an Autoflex III (Bruker Daltonics)
mass spectrometer. The flexControl software (v3.0, Bruker Daltonics) was programmed to

acquire successively PMF spectra and MS/MS from the dominant peaks.

Proteins identification. Mass spectrometric data were analyzed by using both Mascot
online (Matrix Science Ltd.), and the Peaks software (Bioinformatics Solutions) for MS/MS-
based identification and de novo sequencing. The search parameters allowed for one trypsin
miscleavage, oxidation of methionine, carbamidomethylation of cysteine and at least 100
ppm mass accuracy. We used three different databases; a NR protein database, and 3 ESTs
databases, which contained the sequenced ESTs of vertebrates, of fish or a one containing
only the Platichthys ESTs sequenced to date. The best results were obtained with the
vertebrate ESTs database, using the Peaks software. All sequence tags obtained were
submitted to homology searches using the Blast algorithm available at

www.ncbi.nlm.nih.gov.
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2.5 Biomarker analysis

2.5.1 Gene expression by qPCR analysis

The procedure used to measure the gene expression level is similar to that described by
Dupuy et al. (in prep.). Total RNAs were isolated using the Trizol reagent (Applied
Biosystems) at a concentration of 1 ml per 50 mg of tissue. Each liver was homogenized in
Trizol using a Precellys-24 ceramic bead-based homogenizer (Bertin Technologies). Samples
were treated with RTS DNAse Kit (MO BIO) to prevent DNA contamination. The purity and
concentration of samples were determined using a NanoDrop 8000 spectrophotometer
(Thermo Scientific). Purity was assessed using the A260/A230 and A260/A280 ratios. RNA
quality was assessed using the 2100 Bioanalyzer Agilent (Agilent Technologies) or by
migration on agarose gel (1.5%). Reverse transcription (RT) was carried out using 1 pg total
RNA from each sample with RevertAid H minus First Strand, cDNA Synthesis Kit®
(Fermentas). A Retrotranscriptase PCR was carried out using a pool of RNA representative of
samples from each experimental condition. This cDNA pool obtained was the used as a

control in each run of real-time PCR.

The mRNA expression level was explored for the betaine homocysteine methyl
transferase (BHMT) gene. Two housekeeping genes were tested: alpha-tubulin and 18S
rRNA. No significant differences were observed for alpha-tubulin between the Ct of the
control and the contaminated fish; furthermore Alpha-tubulin showed the lowest variation
coefficient, and thus was retained as the housekeeping gene in our analysis. Primers of

Alpha-tubulin, 18S and BHMT were obtained from the literature (Table 2).

Table 2 : Primer sequences used in RT-PCR

Gene Forward (5' to 3") Reverse (5' to 3') Ref.

a-Tubuline CAC-AGC-CTC-ACT-TCG-TTT-TG AGA-TGA-CAG-GGG-CAT-AGG-TG Leaver et al. (2010)
188 GTC-TGG-TTA-ATT-CCG-ATA-ACG-AAC-  TGC-TCA-ATC-TCG-TGT-GGC-TAA-ACG-  Eyrard et al. (2010)

GAG-ACT-CTA CCA-CTT-G

CYPIA1 GCC-AAC-GTG-ATC-TGC-GGA-ATG AAG-CCG-ACC-AGC-TCC-TGA-TC Calves et al. (2011)
BHMT  AGA-GAG-GCC-TAC-AAG-GCT-GG GTG-TGC-ATC-TCC-AGA-CCA-GCG-C Evrard et al. (2010)
TNF-R  CAG-CCG-AAT-CTC-AGT-GAT-GG CAG-TTG-GAT-GCC-AAG-TCA-GC design of ES443667.1
C3 ACG-ATG-AAA-GTG-GGC-GTC-TT TGC-AGT-TCT-CTT-CGG-CAC-AT design of EC379465.1

The real-time PCR (RT-PCR) amplifications were carried out in triplicate with the
Absolute QPCR SYBR Green ROX Mix (Thermo Scientific) The final volume of reaction
was of 25 ul with 1 pl of cDNA (1/40 dilution), 12.5 pl of ABsolute QPCR SYBR Green
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Mix (Thermo Scientif), 1.75 ul of each primer (1uM) and 8 pl of water. A negative control
was carried out with total RNA DNAse treated for each sample. Each run included cDNA of
sample, cDNA of the representative pool used as control and blank controls (water) analyzes
for each primer pair. The RT-PCR were carried out using a 7300 Real-Time PCR System
(Applied BiosystemsTM) with RT-PCR thermal cycling program as follow : 50°C for 2 min,
95°C for 10 min, then 40 cycles at 95°C for 15 s follow by 1 min at 60°C. A melt curve was
carried out to confirm the specificity of the reaction with the program following: 95°C for 15
s, 60°C for 30s and an increase of temperature by 0.5°C each 15 s to 90°C. PCR efficiency
(E) was determined for each primer pair by determining the slopes of standard curves
obtained from serial dilution analysis of cDNA. Relative expression of the target gene was

calculated with the Pfaffl formula (2001) using Alpha-tubulin as the reference gene :

(Etarget )ACPmrget(control—sample)

ratio =
ACP control—-sample
(Eref) ref( )

The ratio of a target gene is expressed in a sample versus a control in comparison to a
reference gene. Etarget is the real-time PCR efficiency of target gene transcript; Eref is the
real-time PCR efficiency of a reference gene transcript; ACPtarget is the CP deviation of
control — sample of the target gene transcript; ACPref = CP deviation of control — sample of

reference gene transcript.

2.5.2 COMET analysis

The level of DNA breaks induced by chemicals and estimated by the Comet assay is
considered as a precocious and sensitive biomarker for populations living in contaminated
aquatic systems (Frenzilli et al., 2009). In this study, the Comet assay was carried out on
flounder erythrocytes according to the procedure described by Singh et al. (1988) with slight
modifications detailed in Evrard et al. (2010). After cells treatment and electrophoresis, DNA
was stained with 0.05 mM ethidium bromide and scored using an Axioskop epi-fluorescence
microscope (Zeiss) and the comet assay IV image analysis system (Perceptive Instruments
Ltd., Havrevill, UK). Randomly selected cells from two replicate slides (50 cells per slide)
were analysed. The percentage of DNA in the comet tail (median % tail intensity) was chosen

as the most reliable and meaningful comet measurement (Jha, 2008).
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2.6 Statistical analyses

Statistic tests and box plot graphs were carried out using Statistica 10.0 (StatSoft). The
variables were not normally distributed, so the Kruskal-Wallis (KW) test was used for inter-
condition comparisons. When KW test was significant (p [J 0.05), it was followed by a post-
hoc test: a multiple bilateral comparisons of mean ranks. No significant difference was
detected over the whole markers (KW test: p > 0.05) between control group and control
group with solvent, between the two groups of C1 and between the two groups of C2, thus

the analysis were conducted grouping the two groups of control, the two groups of C1 and
C2.

3 RESULTS

3.1 Body condition and chemical analyses

P. flesus reared in Denmark were acclimated to our Laboratory conditions during 13
days, and then subjected to chemical contamination by feeding granulates soaked with 2
different concentrations of a PAH/PCB mixture, which composition reflected the PAH/PCB
concentrations found in the Seine (C1), or ten times more (C2). Two control experiments (no
contamination) were performed, in which fish were fed normal granulates (control) or

granulates soaked with solvent (solvent control).

PCB quantification in fish muscles after 30 days exposure showed that all of the
exposed fish had accumulated PCBs (Table 1). Furthermore, we observed that fish fed with
the higher concentration (C2) accumulated approximately 10 times more PCBs than fish
contaminated with C1. For example, CB153 concentrations in fish carcasses were found to be
2.1 (+/- 0.6) ng/g DW in control fish after 29 days, while this compound reached 55.8 (+/-
10) and 609 (+/- 99) ng/g DW in fish exposed to Cl and C2, respectively, at the same
sampling time. It is noteworthy that these concentration were very near to those measured in
the granulates after soaking (Table 1). This demonstrated that the contamination way was

appropriate and efficient.

The body condition indexes (BCIs) and growth rates of fish (Fig. 1 A and B) were
determined at each sampling time. We did not observe significant changes of these

parameters throughout the experiment, suggesting that all the flounders took up similar
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amounts of granulates, irrespective of the sampling time or the extent of the chemical

contamination.

A =)
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i t14 £29 t14 t29 t43

Figure 1: Morphometric measurements before sacrifice. A) Condition index B)Standard growth rate are
given in meantsd. No difference appears between animals at each sampling time (t0: before
contamination, T14 and T29 after 14 and 29 days contamination De (T43), after 14 days of recovery),
whatever their treatment (Te : control; C1; medium dose; C2 high dose, ie. 10 times C1)

3.2 2-dimensional electrophoresis

At each sampling time, the livers of 3 fish per condition were frozen in liquid nitrogen,
proteins were extracted and separated by 2-DE. After Coomassie blue staining, an average of
660 spots were detected on each gel. We performed many comparisons to detect spots which

abundance was significantly (p-value < 0.05) altered in one or several conditions (figure 2).
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Figure 2: Master gel representative of T29 C2 gels. Numbers and arrows represent spots deregulated in at
least one condition.

We first compared the control proteomes. We did not observe any significant
differences between controls with or without solvent. This result was expected, as the solvent
used was iso-octane, a volatile compound commonly found in petroleum. Safety datasheets of
this compound indicate that its volatilization half life in a model river 1 meter deep flowing at
1 m/sec with a wind speed of 3 m/sec has been estimated to be 3.1 hours. As a consequence,
in our experimental conditions, iso-octane most probably volatilized during granulates
drying, so that fish (both from solvent control and C1 and C2 experiments) were simply not
exposed to it. We also compared the control proteomes obtained at the different sampling
times. In all, five spots revealed lower abundance in TO, as compared to T14, T29 and T43. 4

of these spots (ie., 2495, 2361, 2292 and 2335) would correspond to different isoforms of
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HSC70 (see the identification section). By contrast, the T14-, T29- and T43- proteomes did

not reveal significantly deregulated spots.

The comparison of chemically contaminated conditions versus controls revealed 54
protein spots differentially accumulated in one or several conditions, with fold change values

ranging from 1.3 to 7.1 (figure 3).
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1608 3746
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1941
3860

29

Figure 3: differentially accumulated spots in each condition, after 14 or 29 days of contamination (T14,
T29) with the medium dose (C1) or the high dose (C2) of the contaminant mixture
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Résultats pour les lignes : - Taux de réorganisation : R=0.46
- Somme des distances entre éléments contigus : $=23.70
- Critére d'agrégation : Ward
- Méthode de sériation arborée . Multiple-fragment heuristic (MF)

Résultats pour les colonnes - Taux de réorganisation : R=0.28
- Somme des distances entre éléments contigus : $=20.18
Dissimilarté - (1 - Coefficient de corrélation de Pearson)

Echelle des couleurs
[

Min =-4.09 0.00 Max = 4.09
T TE. P
T TEFIIXESSYSE T YT TYI IR T Y
07115330545113333334444¢
TOSSTOOTTSTSSO0DO00D00S5SSS
EIITTEIITEETELECEEEEEC L
sEEEsEEssEs 221112221122

e

LT P A T

B oy

Figure 4: Heat map based on the normalised integrated volumes given by the Progenesis samespot
software for spots found significantly deregulated in this study (see methods for parameters used in
PermutMatrix).
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Thirty four of them displayed fold changes over 2. After 29 days of contamination with
the concentration C1, we observed 11 spots over-, and 4 down-accumulated. With the C2
concentration, the abundances of 8 spots revealed modified after 14 days exposure, most of
which (7) being decreased. Expectedly, more modifications were observed with the C2
concentration after 29 days exposure, as the abundances of 29 spots were modified, ie, among
which 25 appeared accumulated. Comparing the results obtained, we observed that only 6
spots overlapped between 2 conditions, ie., the spots 644, 2472 and 2934 between T14C2 and
T29C2, the spots 1198 and 3893 between T29C1 and T29C2, and the spot 2822 between
T14C2 and T29C1. However, we did not observe any spot significant in all of the

contamination experiments we did.

After the 29-days contamination period, fish were subjected to depuration in seawater
and fed with normal commercial food free from pollutants for 14 additional days. We also
analyzed the modifications of proteomes during this period. In all, the relative abundances of
14 proteins appeared modified during this period. As shown in Table 3, half of these proteins
(7) were already shown to be modified in at least one of the previous conditions tested, and 7

were observed only in these depuration conditions.

Table 3: Significant changes in proteins abundances during pollutants exposure. 11C1 and IC2 refer to
spots which abundance was found increased, and RC1 and RC2 to those showing decreased intensities in
T29 gels. For spots observed on T14 gels, the suffix T14 was added to IC2 or RC2. IDC1, IDC2, RDC1
and RDC?2 refer to spots which intensities were found increased (I) or decreased (R) after the depuration
period (at T43), following the exposure to C1 or C2.

Spot Fold Change Profile
number change Category' p-value

T29 C1 vs control

2348 2.1 IC1 0.002
1254 24 IC1 0.006
3745 1.7 IC1 0.008
2546 22 RC1 0.010
2854 1.6 RCI1. RDCl1 0.010
2279 1.6 IC1 0.015
2822 1.9 RCI1. RDCI. RC2T15 0.024
3893 1.6 IC1.IC2 0.028
3969 1.6 IC1. IDC2 0.031
2471 23 IC1 0.033
1198 2.0 IC1.IC2 0.037
2842 1.6 IC1 0.041
2597 1.5 IC1 0.045
3974 1.5 IC1 0.048
2373 1.4 RC1 0.050
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Spot Fold Change Profile
number change Category' p-value

T14 C2 vs control

2822 2.8 RCI1. RDCI. RC2T15 0.007
644 2.2 IDC2. RC2T15. RC2 0.011
2287 1.8 RC2T15 0.021
2308 2.1 RC2T15 0.021
2472 1.3 RC2T15. RC2 0.023
2293 1.8 IC2T15 0.025
2934 1.3 RC2T15. RC2 0.041
2459 1.4 RC2T15 0.045

T29 C2 vs control

1916 2.0 IC2. IDC1 0.001
1198 1.9 IC1.IC2 0.001
3860 2.8 IC2 0.001
1899 1.7 IC2 0.002
3893 2.1 IC1. IC2 0.002
3862 2.0 IC2 0.004
644 2.1 RC2T15. RC2. IDC2 0.005
3859 1.8 IC2 0.005
2058 1.9 IC2 0.005
3912 2.7 IC2 0.005
2934 1.4 RC2T15. RC2 0.006
1928 33 IC2 0.007
1961 23 IC2 0.007
3746 1.7 IC2 0.008
2472 1.3 RC2T15. RC2 0.008
3790 1.8 IC2 0.012
3911 53 IC2 0.022
1741 2.0 IC2 0.023
1767 1.8 IC2 0.023
3981 1.7 IC2 0.024
1889 1.5 IC2 0.026
1310 2.1 IC2 0.027
1608 2.1 IC2 0.027
3740 2.1 IC2 0.030
1941 2.0 IC2. IDC1 0.033
3935 1.6 IC2. IDC2 0.033
2415 1.8 IC2 0.036
2589 1.6 RC2 0.037
3878 1.6 IC2 0.050
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Spot Fold Change Profile
number change Category' p-value

T43 vs control

3866 7.1 RDCI1 0.001
644 4.9 IDC2. RC2T15. RC2 0.001
1916 3.6 IC2. IDC1 0.002
2844 2.2 RDCI. RDC2 0.011
2080 2.1 IDC1. IC2 0.012
2253 3.7 RDCI. RDC2 0.014
720 2.5 IDC1. IDC2 0.014
805 3.8 IDC2 0.019
2131 34 IDC1 0.020
2854 1.8 RCI1. RDCI 0.027
2002 2.5 IDC2 0.028
2822 23 RCI1. RDCI. RC2T15 0.028
3935 1.9 IC2. IDC2 0.034
3969 2.3 IC1. IDC2 0.050

3.3 Proteins identification

A total of 48 protein spots were excised from gels, trypsinolyzed and subjected to
MALDI-TOF-TOF tandem mass spectrometry. Mass spectra were compared to two custom
databases, ie. a fish ESTs- and a P. flesus ESTs- databases with the PEAKS software. In all,
we could identify 18 unique proteins (Table 4).
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Tableau 4: Identification of differentially accumulated proteins1

Spot n°

Identification

Species

NCBI accession n°

Sequenced peptides

Coverage (%)

PEAKS Score (%)

3860

Serine hydroxymethyltransferase (SHMT)

Platichthys flesus

2i[78227067

VNPETGYIDYDR
YYGGTEHVDELER
YSEGYPGQR
FGSPALTSR

15.36

87.1

1928

Glutathione peroxidase (GPx)

Platichthys flesus

2i[78227841

DYTQMNELHQR
DYTQM(+15)NELHQR
LPFPTDEPTALLNDPR

11.46

41.9

1961

SHMT

Sparus aurata

207959479

YSEGYPGQR
YYGGTEHVDELER
VNPETGYIDYDR

15.45

672

3911

Beta 2-globin

Platichthys flesus

i[260099289

FLSVVVSALGR
IDVGEIGPQALTR
GVYSALSTM(15)HSEK
HFSTFGDSTTAAILGSEK

42.97

3964

phosphoglycerate mutase la

Ictalurus punctatus

gi[36171915

VLIAAHGNSLR
ALPFWNDEIAPQIK
NLKPVKPMQFLGDEETVR
NLKPVKPM(15)QFLGDEETVR

38.05

3859

nucleoside diphosphate kinase B

Platichthys flesus

gi[84117756

DTPFYAGLC(57)K
FIQASEDHMK
TFIAVKPDGVQR
MMLGETNPADSKPGSIR
M(15)MLGETNPADSKPGSIR
YMSSGPVFAMVWEGQSIVK
YM(15)SSGPVFAMVWEGQSIVK

43.50

2131

malate dehydrogenase

Lates calcifer

gi| 164358710

GDFISTVQLR
VVDGLSINDFSR
MDATAAELVEER

22.08

3981

malate dehydrogenase 1

Danio rerio

2i[102905885

VVDGLSINDFSR

23.68

60.8

2293

Heat shock cognate 70 kDa

Salmo salar

gi223570517

AQVHDIVLVGGSTR
TVNNAVVTVPAYFNDSQR
FEELNADLFR
STAGDTHLGGEDFDNR
GETKSFYPEEISSMVLVK
TTPSYVAFTDSER
AVGIPFQFK
VELAAGQQYSEDFGK

26.33

98.8

3935

glutathione S-transferase theta 1b

Hippoglossus hippoglossus

i[90600775

AVGIPFQFK
VELAAGQQYSEDFGK

82.5
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Spot n°  Identification Species NCBI accession n°  Sequenced peptides Coverage (%) PEAKS Score (%)

3874 ATP synthase beta-subunit Ictalurus punctatus gi204214387 GQKVLDTGAPIR 28.45 98.7
IMNVIGEPIDER
AHGGYSVFAGVGER
VALVYGQMNEPPGAR
VALVYGQM(15)NEPPGAR
LVLEVAQHLGESTVR
AIAELGIYPAVDPLDSTSR

3956 Adenosylhomocysteinase B (SAHHb) Oncorhynchus mykiss 2il402742735 HIIVLAEGR 16.82 77.1
INIKPQVDR

3974 catalase Oplegnathus fasciatus gi[52354832 AVHPDYGNR 8.54 98.2
TFYTQVLNEEER
LFSYPDTHR
LGANYLQIPVNC(57)PFR
GAGAFGYLEVTHDITR

3969 Catalase Xiphophorus maculatus gi|192821533 AVHPDYGNR 12.25 97.3
LFSYPDTHR
LGANYLQIPVNC(57)PFR
(GAGAFGYLEVTHDITR

3948 MDH Gobiocypris rarus 2i|120438805 VFGVTTLDIVR 14.72 68.2
DDLFNTNATIVATLADAC(57)AR

3944 Glyceraldehyde-3-phosphate dehydrogenase (G3PDH)  Oreochromis niloticus 21253934731 VPTPNSVVDLTVR 13.29 60.8
(LVSWYDNEFAYSQR

3943 copper/zinc superoxide dismutase (Cu/ZnSOD) Platichthys flesus 2i[78230468 NHAGPTDADR 20.17 79.7
GAGETSGTVHFEQESDSAPVK

3912 Betaine homocysteine methyl transferase (BHMT) Platichthys flesus CF379280 AGPWTPEATVTHPEAVR 17 35%

1Proteins were excised from 2-DE gels, trypsinolyzed, and the resulting peptides were sequenced by using MALDI TOF-TOF mass spectrometry. Spectra analysis was
performed using the PEAKS Software. The score and the coverage were those given by the PEAKS software, using the search parameters described in the Materials and
methods section. * BHMT was identified with MASCOT software and the score given is the MASCOT score.
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This corresponded to an identification ratio of 37.5%, which is quite similar to those
commonly described for this kind of non-model fish, and even to those we previously
obtained for P. flesus (Galland et al., 2012). Some proteins, such as the catalase, the Serine
HydroxyMethyl Transferase (SHMT) or the MDH could be identified several times in
different spots. These spots could correspond to different isoforms, or to post-translationally

modified forms of a single protein.

Three of these proteins could be linked to a part of the metabolism of methionine, ie the
betaine homocysteine methyl transferase (BHMT, spot 3912), and two SHMTs (noted
SHMT1 and 2, corresponding to spot 3860 and 1961, respectively), 4 on oxidative
metabolism, ie, 2 catalases (noted CAT 1 and 2, corresponding to spots 3969 and 3974,
respectively), the glutathione peroxidase (GPx, spot 1928) and the glutathione-S-transferase
(GST, spot 3935), and 3 to the energetic metabolism, ie., an enolase (ENO, spot 2472), a
nucleotide diphosphate kinase (NDPK, spot 3859), and 2 malate dehydrogenases (MDH1 and
2, spots 3981 and 2131). We also could identify the Heat Shock Cognate 70 kDa (HSC70,
spot 2293) and the beta-globin (BG, spot 3911). Excepted the enolase, that revealed down-
accumulated in fish subjected to the higher concentration of the PAH/PCB mixture (C2), all
the other protein spots appeared over-accumulated in at least one condition. Most were
accumulated in fish exposed to C2 at the T29 sampling time. this is the case for NDPK, beta
globin, MDH, SHMT1, SHMT2, BHMT, GPx and GST. Interestingly, GST was still over-
abundant in the same fish at T43 (after the 14-days recovery period). The two identified
catalases were found significantly deregulated in fish subjected to C1. One of these catalases

was also accumulated during decontamination (T43C2).

HSC70 was the lone protein identified in T14C2 samples. The corresponding spot was
included in a stretch of 6 spots displaying the same molecular weight, regularly disposed on
the same horizontal line on the gel. All of these spots most probably correspond to different
phosphorylation states of the protein. Interestingly, several of these spots (ie., 2293, 2335,
2361 and 2495), were found less abundant in TO samples.

3.4 Construction of a thematic heatmap

As part of a previous proteomic study, we could map several proteins belonging to the
3 main functional categories identified in this paper, ie, energetic metabolism proteins,

oxidative stress proteins and methionine cycle. As an attempt to further understand the
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potential role of the corresponding metabolisms in fish adaptation to chemicals, we also
analysed the accumulation profiles of these proteins (Fig. 4) and constructed a thematic

heatmap using the PermutMatrix software.

3.5 Expression of the BHMT gene

We found that BHMT, as well as several proteins implied in related metabolism (see
thereafter), was accumulated in the livers of contaminated fish (condition T29C2). As BHMT
was often pointed out as deregulated in fish ecotoxicological studies, we measured by RT q-

PCR the expression of the corresponding gene.

Fig. 5 shows the statistical analysis relative to our measurements of expression of the
BHMT gene, in each of the conditions assayed in this study. We observed that the BHMT
expression was significantly enhanced in both the C2 treated fish after 29 days of
contamination, and in the same fish after the 14 subsequent depuration days. No other
condition gave statistically remarkable results. However, it should be noted that for each
sampling time, we could observe a trend suggesting that the BHMT gene would be up-

regulated in PCB/PAH treated fish, at all sampling times and in a dose dependent manner.
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Figure 5: Level of gene expression of BHMT compare to reference gene (18S) during the experiment in
control (Te) and contaminated conditions (C1 and C2) after 14, 29 and 43 days. #: p<0.05
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3.6 COMET Assays

Although cellular oxidative stress and DNA alterations is often considered as a toxic
component of chemical contamination by PCBs/PAHs. We analyzed DNA damages in red
blood cells by COMET assay. The results presented in Fig. 6 showed that DNA damages in
red blood cells of C2 treated fish after 9 days of contamination were significantly higher than
in other conditions. Interestingly, as for BHMT gene expression, our results suggested a dose
dependant response at the 14- and 29-days sampling times. Indeed, DNA damages seemed
higher in C1 treated cells as compared to the corresponding controls, and higher in C2 treated

cells compared to the C1 ones.
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Figure 6: Primary damage levels expressed as median tail intensity by the Comet assay during the
experiment in control (Te) and contaminated (C1 and C2) after 14, 29, and 43 days. #: p<0.05

4 DISCUSSION

4.1 On the classical detoxication mechanisms

Liver is known as the main center of xenobiotics detoxification in animals.
Detoxification processes are commonly divided in two sequential steps referred to as Phase |
and Phase II systems. One of the most common Phase I modifications is oxidation catalyzed
by cytochrome P-450 enzymes, that allow incorporation of an atom of oxygen into
nonactivated hydrocarbons, which can result in either the introduction of hydroxyl groups or
N-, O- and S-dealkylation of substrates (Guengerich, 2001). These modifications can
neutralize some xenobiotic compounds, or at least render them susceptible to phase 2

conjugation reactions.
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Cytochrome P450 are known to be positively deregulated in response to xenobiotics,
and are commonly used as biomarkers of exposure to xenobiotics. It is noteworthy that the
CYP4501A expression was measured in fish belonging to this experiment, revealing a high
induction in the condition T29C2 and T43C2 (data not shown). This induction was not
observable in our proteomic study at the protein level. However, it should be noted that to our
knowledge, if they could be evidenced by Laemmli 1-D gels (Kanaeva et al., 2005), no (eco)-
toxicological 2-D proteomic approach did evidence to date cytochrome P450 as xenobiotics
induced proteins. This is most probably due to technical considerations, as classical 2-D
based proteomic protocols for proteins extraction and solubilisation are optimized for soluble

proteins (and not for such hydrophobic proteins).

In phase II detoxication systems, activated xenobiotic metabolites are conjugated with
compounds such as glutathione (GSH), glycine, sulfate, or glucuronic acid. These reactions
are catalysed by a large group of broad-specificity transferases. One of the most important of
these groups are the glutathione S-transferases (GSTs), that are commonly found induced, at
both the gene expression- and protein- levels, in organisms subjected to pollutants (Napierska
et al., 2006; Kerambrun et al., 2011 Dabas et al., 2012). The addition of glutathione detoxifies
reactive electrophiles and leads to more polar metabolites, thus facilitating their transport and
excretion. In our study, we could identify GST, and showed its accumulation in livers of fish
subjected to the higher PCBs/PAHs concentration (C2), at the time points T29 and T43

(showing that its high level remains stable during the depuration period).

In addition with its crucial role in phase II detoxication processes, it has to be noted that
glutathione (i) could be considered as an endpoint product of the methionine cycle (Fig. 7),

and (i1) plays a major role in the response to oxidative stress.

4.2 A role for the methionine cycle in xenobiotics detoxication?

Glutathione is an enzymatically assembled tripeptide, ie [J-glutamyl-cysteinyl-glycine.
As a consequence, one could hypothesize that the availability of its precursors does influence
its synthesis. Interestingly, three protein spots highly accumulated in the livers of fish
(accumulation factors from 2.3 to 2.8) subjected to C2 at 29 were identified as the BHMT and
two SHMTs, both belonging to the demethylation pathway of betaine that leads to the
production of glycine and serine. This cycle, and the images of the corresponding spots, were

replaced on Figure 7, together with others from this study (GPx, GST) or others previously
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identified in our Laboratory (SAHH). It should be noted that the BHMT is also part of the
methionine cycle, a metabolism in which methionine is converted to S-adenosylmethionine,
which serves as a methylating agent in many cellular methylation reactions (catalyzed by
methyltransferases). Examples of methyltransferases that use this compound as the methyl
donor are found in the synthesis of epinephrine, creatine, phosphatidyl choline or in the
methylation of nucleic acids (ADN, ARN) and proteins. S-adenosylhomocysteine produced
in these methylation reactions is hydrolyzed to adenosine and homocysteine, which can be
remethylated to methionine by either methionine synthase (which uses 5-
methyltetrahydrofolate) or by BHMT, which plays a key role in the modulation of this
metabolism (Ueland et al., 2005).

By its central role in cellular methylation processes, the methionine cycle is pivotal in
cell functioning. However, it also provides skeletons for biosynthesis of other molecules. In
particular, homocysteine sits as a metabolic crossroad, as it may either be remethylated to
methionine or catabolised into cysteine (through a 2-steps pathway commonly called the
transsulfuration pathway). As a consequence, the above metabolic pathways also serve to

provide precursors of glutathione synthesis, ie., glycine and cysteine.
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Considering that we observed the concomitant accumulation of two enzymes using
glutathione as substrate, ie GST and GPx, we could infer that the increase of the methionine
cycle and betaine demethylation pathway should respond to the increased demand in

glutathione.

4.3 What's about the redox status?

In addition with its role in phase II xenobiotic detoxification process, glutathione is one
of the most important antioxidant in cells. Indeed, this tripeptide contains a cysteinyl residue
that may be oxidized by hydrogen peroxide to glutathione disulfide (GS-SG) by the
selenium-containing enzyme, glutathione peroxidase, and also by other enzymes that may use
lipid peroxides rather than hydrogen peroxide as the oxidant. Thus, glutathione can detoxify
both soluble and organic peroxides. Glutathione disulfide is subsequently reduced by
glutathione reductase, using NADPH as the reductant. The fact that glutathione peroxidase
appeared significantly accumulated in the livers of C2 treated fish suggested that they were

subject to oxidative stress.

More generally, several lines of evidence showed that the exposure to xenobiotics leads
to the intracellular accumulation of reactive oxygen species such as superoxide, hydrogen
peroxide or free radicals (Winston et al., 1996). This accumulation is commonly attributed to
a failure in the balance between oxidant generation and antioxidant processes, including
protective enzymes (eg, catalase, SOD) and repair of oxidative damages. In our study, the
COMET assays clearly demonstrated that the fish subjected to the higher pollutants
concentration were subject to DNA degradation, which is associated with oxidative stress
(Marabini et al., 2011). Interestingly, two catalases appeared significantly increased in C1
treated fish. We examined the accumulation profiles of both proteins, and that of the SOD
(which spot was previously identified in Galland et al., 2012), all along the experiment (Fig.
8). The two catalases appeared highly abundant in the livers of T29C1-treated fish, but were
not significantly altered in T29C2- ones. By contrast, we did not show any significant
increase of SOD in any of the assayed conditions even if examination of the relative
abundances of this protein suggest that it could accumulate in some individuals (Fig. 8). In
all, our results suggest that the exposure to PAHs/PCBs triggers oxidative stress in fish, that

cannot be compensated by anti-oxidant enzymes such as catalases, SOD, or GPx.
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Figure 8: Heat map based on the normalised integrated volumes given by Progenesis samespot software
for spots identified in this study or in proteome map of the European flounder and implied in selected
metabolisms (energetic-, oxidative- and methionine- metabolisms).

4.4 Modulation of the energetic metabolism?

Metabolomics, which is concerned with the low molecular weight organic metabolites
within cells, is also a very promising field to study ecotoxicology (Bundy et al., 2009).
Indeed, detoxification processes have an energetic cost, so as exposure to pollutants such as
PCBs and PAHs may increase the whole energy demand of fish. Several metabolomics
studies were performed on fish (Samuelsson and Larsson, 2008; Bundy et al., 2009). If
metabolomics is more and more carried out together with transcriptomics and/or proteomics
in system biology studies, we infer that proteomics alone could give clues on the metabolic
status, by giving information about the relative amounts of metabolic enzymes in different

conditions.

One of the most readily observable response following pollutants exposure is the
release of cortisol and catecholamines, that contributes to increase glycemia (Tierney et al.,
2011) and glycolysis (Pankhurst, 2011). Concomitantly, several studies show an increase of
oxygen consumption and of standard metabolic rate (Bains & Kennedy, 2004; Rowe et al.,
2001), while other suggest that a transition of energetic metabolism towards fermentative
ways, revealed by an increase in LDH activity (Vieira et al., 2008), or by the resulting an
accumulation of lactate in plasma (Pacheco & Santos, 2001; Oliviera et al., 2011). In a recent

study, Nault et al. (2012) examined the energetic costs of exposure to PCBs in Rainbow trout,
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in both an in vivo and in vitro model. they showed that fish mobilized glucose, while
hepatocytes displayed impaired mitochondrial respiration upon exposure to PCBs 126 and 77

(that may mask the increase of the whole animal energy demand).

Several recent proteomic studies showed that metabolic enzymes were modulated by
PCBs exposure. For example, Berg et al. (2011) showed that several proteins implied in the
energetic metabolism (ie, enolase, FBP aldolase, MDH and creatine kinase) accumulated in
the brain of atlantic cod upon exposure to PCB153. However, it should be noted that other
proteomics studies suggested an inverse trend. For example, Leroy et al. (2010) showed that
GAPDH and enolase were down accumulated in PCBs- (PCB169 and 177) treated Gammarus
pulex, and Costa et al. (2012) showed that enolases 1 and 3, and PGM were also decreased in
the liver proteome of Solea senegalensis subjected to a PAH/PCB mix. It is likely that in fact,
the different compounds have different effects on the animal metabolism, so as it should be
difficult to generalize. For example, Penttinen and Kukkonen (1998) showed, using a direct
calorimetric method, that 4 different aromatic toxic compounds structurally related to PCBs,
differentially affected the energetic metabolism of invertebrates, ie DNP, PCP and TCP (all
being phenolic compounds) increased it, while TCB (trichloro benzene) displayed a negative

effect.

In our study, we showed that the relative abundances of several proteins related to
energetic metabolism was modulated by pollutants exposure. Indeed, enolase appeared
significantly decreased in T14C2 samples, whereas MDH2, NDPK, and beta-globin revealed
induced in T29C2 samples. In a previous study, we could identify and map on 2D gels
several other proteins associated to the energetic metabolism, and we examined their relative
amounts. Figure 8 shows that the glycolytic enzymes GAPDH, PGM and ENO seemed
decreased in T29C2 samples. By contrast, the 4 citric acid cycle enzymes we could map on
gels appeared increased in the same conditions. Combined with the accumulation profile of
beta-globin, which suggests that the oxygen demand of stressed fish would be increased, our
results suggest that the xenobiotic-stressed fish should favor an oxidative metabolism during
exposure rather than a fermentative one. During recovery, GAPDH and ENO seem

accumulated, as well as 2 MDHs and NDPK.

Obviously this kind of indirect approach of metabolism is still limited in our case by the
fact that we did not map all of the energy metabolism enzymes, their isoforms, nor all of the

possible post-translational modifications they should carry and that are known to modulate
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their activities. Therefore, we think it should be interesting to validate our interpretations by

using a true metabolomic experimental strategy.

5 CONCLUSION

In conclusion, the current study examined the proteome modifications in the liver of P.
flesus subjected to an environmentally relevant chemical contamination by a PAH/PCB
mixture. The most striking result was the observed accumulation of several proteins of the
betaine demethylation pathway, which is related to the methionine cycle. This accumulation
most probably aims at feeding intermediates to the glutathione synthesis pathway, but could
reflect a potential role for methylation processes in the adaptation of fish to xenobiotics.
Further studies will analyze the determinism of accumulation of these proteins, especially
that of BHMT, which is often found deregulated in fish subjected to xenobiotic, and their

potential use as molecular biomarkers to evaluate environmental chemical contaminations.
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Estuaries are important areas highly susceptible to anthropogenic degradations like pollution. Estuarine species
have thus to cope with many types of constraints depending on the estuaries’ characteristics. The European
flounder Platichthys flesus is considered as a sentinel species for the monitoring of estuarine water quality. In
this study, juvenile flounders (0+ group) were sampled from three contrasted Channel estuaries, i.e. the
Seine, the Canche and the Tamar, and we characterized their liver proteomes by using a two-dimensional elec-
trophoresis based proteomic approach.

g:fﬂ?;ds' We showed that 27 protein spots differentially accumulated between the 3 populations. Six of these proteins
Platichthys flesus were identified by MALDI TOF-TOF mass spectrometry. Flounders from the Seine and from the Tamar, two highly
Liver Proteomics polluted estuaries, displayed common differences, i.e. an increase of the energetic- and the glutathione-
Pollution metabolism. The most accumulated protein in the Seine's samples (6.7-fold) was a Vitelline Membrane Outer
Biomarker

layer protein 1 homolog, suggesting oogenesis deregulation in these juvenile (sexually immature) flounders.
Future works applying this kind of proteomic approach on flounders experimentally exposed to conditions
that mimic environmental constraints will help to better understand the significance of these environmental

proteomic signatures.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Estuaries are zones of connection between land and sea, that present
a very high level of productivity, giving them a high ecosystemic value
(Costanza et al,, 1997; Courrat et al., 2009). These ecosystems receive
freshwater derived from land drainage, often containing high levels of
nutrients and organic material, and serve as nurseries for a number of
marine organisms (Able, 2005; Vasconcelos et al., 2011). Estuaries are
often located near towns and industries and are impacted by a range
of human activities. They receive particles carried out within the drain-
age basin, including urban and industrial development as well as inten-
sive agriculture. Thus, estuarine waters and sediments, that naturally
encounter large variations of salinity, oxygen, and temperature, also ac-
cumulate xenobiotics such as heavy metals and organic contaminants,
that degrade the overall quality of the remaining estuarine habitats
for marine organisms (Courrat et al., 2009).

The European flounder, Platichthys flesus, is a catadromous fish
species widely distributed from Norway to Portugal, spawning in win-
ter in the mouth of the estuaries or at sea, displaying pelagic larvae,
and living approximately two years in estuaries at the juvenile stage

* Corresponding author at: Laboratoire des Sciences de I'Environnement Marin, LEMAR
UMR 6539 CNRS/UBO/IRD, Institut Universitaire Européen de la Mer, Rue Dumont
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1385-1101/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.seares.2012.05.009

(Dando, 2011). P. flesus displays a high capacity to adapt to changing
environments characterized by reduced salinity, hypoxia and highly
variable temperature (Evrard et al., 2010; Hemmer-Hansen et al.,
2007; Larsen et al., 2007; Marchand et al., 2010). During the first
month of settlement, juveniles are concentrated in low salinity habi-
tats that are commonly described as nurseries for them. Juvenile
flatfishes feed on benthic organisms and live in close association
with the bottom sediments, where most of the chemicals introduced
into aquatic environments by human activities accumulate. They are
considered particularly sensitive to the effects of pollution and other
types of habitat degradation (Skerritt, 2010), and as a consequence
are considered as a valuable sentinel species often used to monitor es-
tuarine water quality (Amara et al., 2009; Leaver et al., 2010; Lyons et
al., 2010).

Several biological and biochemical parameters can be measured to
assess the extent of environmental contamination (Amara et al., 2009;
Lyons et al., 2010; Sarkar et al., 2006). Molecular biomarkers often
consist in measuring DNA integrity, or the expression of candidate
genes/proteins involved in detoxification such as cytochrome P4501A
(CYP1A) or metallothionein, or proteins involved in metabolisms par-
ticularly sensitive to a given class of pollutants (e.g., acetylcholinester-
ase inhibition by neurotoxic agents).

As effectors of cellular mechanisms, receptors, and structure or
signaling molecules, proteins are key molecules of the cell machinery
and then, of the organisms' functioning. Proteomic tools allow the

estuaries, J. Sea Res. (2012), doi:10.1016/j.seares.2012.05.009
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identification of proteins whose abundance changes as a result of en-
vironmental pressures, thus giving essential information on the actual
physiology of organisms under adverse conditions (Tomanek, 2011).
In this paper, we developed a global proteomic approach to compare
the steady state levels of proteins in the livers of P. flesus naturally
living in 3 estuaries located in the same geographic area (the Channel,
Fig. 1), but contrasted at least in terms of chemical pollution patterns.
Indeed, the Canche estuary is located in a natural protected area and
could be considered as pristine (Amara et al., 2009), the Seine is one
of the heaviest polluted river in France (PAHs, PCBs, metals), since it
flows through high populated and industrial regions (Cachot et al.,
2006; Schnitzler et al., 2011), and the Tamar is known to suffer from
an old industrial pollution by heavy metals (Mighanetara et al., 2009).

2. Materials and methods
2.1. Animal sampling

Juveniles of P. flesus were collected in October 2009 (Tamar) and
2010 (Seine and Canche), in 3 European estuaries (Fig. 1): the Seine
and the Canche (France), and the Tamar (England). At least 30 indi-
viduals were collected in each sampling site, all belonging to the 0+
group and sexually immature (macroscopically undifferentiated).
Animals were killed just after capture by cervical dislocation. Their
standard lengths (i.e. until the hypural joint) and weights were deter-
mined, the body condition index was calculated from these measures
by using the formula 100xweight/(standard length)3. Data con-
cerning the animals studied in this paper are given in Table 1. The
livers were taken up and immediately frozen in liquid nitrogen, and
stored at — 80 °C. Visual inspection did not reveal any trace of liver
pathology or parasite infection. All experiments were performed
according to the guidelines laid down by the French “Ministére de
I'Agriculture” and the European Union council directive for the care
and use of laboratory animals.

2.2. Proteomic analysis
2.2.1. Protein extraction

Frozen fish livers were homogenized in 1 ml of Tris-HCl buffer
(100 mM, pH 6.8) containing 1% Protease Inhibitor Mix (GE Healthcare),

2 40°N

20°N
30°W 0° 30°E

Fig. 1. Sampling locations of the European flounder used in this study.

Table 1
Morphometric measures of the 4 juvenile flounders used in the 2-DE experiments in
each estuary. Results are presented in mean =+ sd.

The Tamar The Seine The Canche
Standard length (cm) 9.24+0.91 12.58 £1.24 11.20+1.33
Weight (g) 13.204+3.95 37.36+10.23 27.48 +8.05
Body condition index 1.49+0.04 1.70+£0.08 1.72+£0.06

using a Precellys 24 system (Bertin Technologies). The supernatants
were removed by centrifugation (12 000 g, 15 min, 4 °C) and then in-
cubated at ambient temperature for 30 min with 1% DNase mix (GE
Healthcare). Total protein contents were determined using DC protein
assay kit (biorad) in triplicate.

The volume corresponding to 500 pg of proteins was concentrated
by TCA (10%, v/v) precipitation. Proteins were harvested by centrifu-
gation (12 000 g, 10 min, 4 °C), and the protein pellet was washed
several times using a mix Tris-HCl (50 mM, pH 8)-acetone (20/30:
vol/vol) containing traces of bromophenol blue (used here as a pH
indicator), until neutralization. Supernatants were then discarded
and protein pellets were dried in air, and then resuspended in 250 pl
of Destreak Rehydration Solution (GE Healthcare) containing 1% IPG
buffer pH 3-10 (GE Healthcare).

2.2.2. 2-Dimensional electrophoresis (2-DE) analysis

The proteins from at least 4 animals per estuary were individually
loaded on linear pH 3-10 gradient IPG strips (13 cm, GE Healthcare).
IEF was performed in an Ettan IPGphor III isoelectric focusing system
(GE Healthcare), using the following protocol: a 15-min step at 250V,
a 2-h step 500 V, a 1-h gradient to 1000 V, a 2.5-h gradient to 8000 V,
and a final 1.5-h step at 8000 V.

After the first dimension, strips were equilibrated 15 min in an
equilibration solution (2% SDS, 6 M Urea, 50 mM Tris-HCI pH 8.8, 30%
glycerol (v/v), BBP) containing DTT (1%), and then 15 min in the same
solution containing iodoacetamide (260 mM). The second dimension
was performed in 10-15% gradient polyacrylamide gel, as described
in Budin-Verneuil et al. (2007). Proteins were revealed by incubating
gels in 0.1% Coomassie blue staining solution (PhastGel Blue R-350
GE Healthcare) overnight, followed by washing in a methanol-acetic
acid-water (30/7/63:v/v/v) solution.

2.2.3. Electrophoregrams analyses

Gels were scanned, and image- (spot detection and matching) and
statistical-analyses were performed on 4 electrophoregrams per condi-
tion, by using the Prodigy SameSpot software (Nonlinear Dynamics).
Spots displaying ANOVA P-values below 0.05 and fold accumulations
above 2 (as given by SameSpot) were considered as highly significant,
and were then selected for further analysis. However, we also kept
some spots displaying a high accumulation factor, while displaying
P-values above 0.05, and some spots displaying a factor slightly lower
than 2 (see the Results and discussion section).

2.2.4. Mass spectrometric analysis

Selected spots were manually excised from 2-DE gels, and proteins
were in-gel trypsinolyzed as described in Budin-Verneuil et al. (2007).
Briefly, gel pieces were first washed in 50 mM ammonium bicarbonate
(BICAM), and then dehydrated in 100% acetonitrile (ACN). Gel pieces
were vacuum dried, and rehydrated with BICAM containing 0.5 ug
trypsin (Promega), and incubated overnight at 37 °C. Peptides were
extracted from the gels by alternative washing with 50 mM BICAM
and ACN, and with 5% formic acid and ACN. Between each step, the su-
pernatants were pooled, and finally concentrated by evaporation
using a speed vac (45 °C). Samples were then resuspended in TFA
(0.1% in water). Peptide solutions were mixed with the a-Cyano-4-
hydroxycinnamic acid (HCCA, 10 mg/ml of a ACN/TFA/water (60/4/
36:v/v/v) solution), and spotted on a polished steel MALDI target
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using the dried droplet method. Peptides were then analyzed by
Matrix-Assisted Laser Desorption lonization Time-Of-Flight tandem
mass spectrometry (MALDI TOF-TOF) in positive ion reflector mode,
using an Autoflex III (Bruker Daltonics) mass spectrometer. The
flexControl software (v3.0, Bruker Daltonics) was programmed to ac-
quire successively PMF spectra and MS/MS from the dominant peaks.

2.2.5. Proteins identification

Mass spectrometric data were analyzed by using both Mascot online
(Matrix Science Ltd.), and the Peaks software (Bioinformatics Solutions)
for MS/MS-based identification and de novo sequencing. The search pa-
rameters allowed for one trypsin miscleavage, oxidation of methionine,
carbamidomethylation of cysteine and at least 100 ppm mass accuracy.
We used three different databases; a NR protein database, and 2 EST da-
tabases, which contained ESTs of vertebrates or one containing only the
Platichthys ESTs sequenced to date. The best results were obtained with
the vertebrate EST database, using the Peaks software. All sequence tags
obtained were submitted to homology searches using the Blast algo-
rithm available at www.ncbi.nlm.nih.gov.

3. Results and discussion

Organisms commonly adapt to adverse environmental conditions
by expressing selective sets of proteins allowing them to modify
their metabolism, in an attempt to counteract the deleterious effects
of stress on cellular functions. Conversely, we could consider that the
proteins expressed by an organism in a given ecosystem reflect the en-
vironmental conditions it encounters. In this study, we first developed
a global proteomic approach aiming at characterizing the proteins dif-
ferentially expressed in the livers of P. flesus juveniles fished in three
European estuaries known to be contrasted in the nature and extent
of pollutions they harbor.

3.1. Characterization of proteins differentially expressed in juveniles of
P. flesus from the Canche-, the Seine-, and the Tamar-estuaries

Proteins were separated by 2-DE gel electrophoresis. Fig. 2 shows
representative Coomassie Blue stained gels obtained for each condition.
At least 500 spots were detected in each gel. We performed quantitative
comparison of electrophoregrams using the SameSpot software. We
first considered spots as highly significant the spots displaying a
P-value lower than 0.05 and/or a differential accumulation factor higher
than 2, leading to the selection of 9 protein spots (Table 1). However,
we considered 18 additional spots, among which 13 displayed high

accumulation factors, but P-values above 0.05, and 5 displayed factors
slightly lower than 2 (between 1.6 and 1.9), but appeared clearly
deregulated on gels and displayed low P-values. The high P-values ob-
served for some spots resulted from discrepancies between replicate
gels from individuals collected in the same estuary, thus most probably
from the biological inter-individual variation. Some of these spots re-
vealed to be highly increased in one individual, whereas absent or
almost absent in other ones. For example, the abundance of spot T1
increased 2.6-fold (Fig. 4C, Table 1) in individuals from the Tamar, but
was in fact observable only in two of the four electrophoregrams. As
a consequence, its P-value was relatively high (ie., 0.112). Two-
dimensional electrophoresis should be considered as a very powerful
approach to evaluate at a global scale, without a priori, the cell physiol-
ogy of fishes in their ecosystem. However, in such an ecological study,
working on natural ecosystems and natural P. flesus populations, this
kind of proteomic approach (technically heavy) should be considered
as exploratory. Thus, we decided not to exclude these spots from the
study, considering that such accumulation patterns may reflect a partic-
ular metabolism in some individuals of a given estuary, even if it is not
observable in all of the studied individuals.

Several spots revealed to be more abundant in one or two of the
three estuaries (Figs. 2 and 3). For example, considering only the
spots giving a P-value lower than 0.05, 2 spots were clearly more
abundant in the Canche extracts (conversely, it could mean that
these spots were down-accumulated both in the Tamar- and in the
Seine-extracts, as compared to the Canche). In the same way, 3 spots
revealed to be more abundant in fishes from the Seine and 4 in fishes
from the Tamar, including 1 spot found to be accumulated in both con-
ditions, as compared to fishes from the Canche.

Juveniles of P. flesus (0+) were all caught during autumn in three
European estuaries located in the same hydroclimatic area (the Chan-
nel) that displays heavy currents (and thus a good oxygenation rate).
The three estuaries are known to display strong differences in pollu-
tion nature and extent. Indeed, the Canche is often considered as a
pristine estuary (Amara et al., 2009), whereas the Seine and the
Tamar are highly polluted, by a heavy diffuse industrial and agricul-
tural pollution (PAHs, PCBs, metals), and an old metal contamination
from mine exploitation, respectively (Cachot et al., 2006; Dauvin,
2008; Durou et al., 2007; Mighanetara et al., 2009).

The differential protein spots could be considered as the proteomic
signature of the environmental conditions encountered by P. flesus in
the different estuaries. Considering the different pollutions described
above, one could assume that the proteomic signatures of the three
estuaries should in fact reflect their chemical signatures. In such a
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Fig. 2. Representative 2-DE gels of hepatic proteins in the flounder Platichthys flesus from 3 different estuaries. (A) the Canche, (B) the Seine, and (C) the Tamar. The protein spots
differentially expressed in each estuary are labeled with numbers. The molecular weights (MW) and pI scales are indicated. Each gel is representative of four independent

replicates.
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3+6

The Tamar

Fig. 3. Number of spots differentially accumulated in each estuary. Numbers in bold corre-
spond to spots which level increased more than 2 times, with a P-value <0.05. Numbers in

italic correspond to spots displaying high inter-individual differences (P-value>0.05) or
accumulation factor <2.

hypothesis, the protein spots overrepresented in the livers of floun-
ders from both the Seine- and the Tamar-estuaries (TS spots,
Table 2) should then be related to the need of these fishes to adapt
to environmental pollutions encountered in both ecosystems. Similar-
ly, protein spots specifically found in liver proteomes of P. flesus from
the Seine— (S spots) and the Tamar— (T) should be related to the ad-
aptation to the specific pollutants found in these estuaries (i.e., PAHs/
PCBs and metals, respectively). Conversely, the protein spots overrep-
resented in the Canche's extracts (C spots) should correspond to pro-
teins particularly sensitive to pollutants.

However, it should be kept in mind that in such an ecological study
(we work on wild populations, in natural environments), the liver
proteome is not only impacted by the nature and extent of chemical
contamination of estuaries but is also dependent upon many other
confounding factors, such as natural life history traits, salinity varia-
tions, temperature, food availability, the type of sediments, ... To fur-
ther characterize the proteomic signatures of the three estuaries in
the flounder livers, it was necessary to identify the proteins contained
in those specific spots.

3.2. Mass spectrometric identification of differentially expressed proteins

To further understand the specific physiology of fishes in each es-
tuary, the protein spots were subjected to trypsin degradation and
analyzed by MALDI TOF-TOF mass spectrometry. We could obtain
MS-MS data for most of them, compare these data to EST databases
(vertebrate- and P. flesus-databases) using the PEAKS software, and
finally succeed in identifying 6 of them (Table 2).

3 spots deregulated in P. flesus protein extracts from both the Seine
and the Tamar could be identified. The TS2 spot was identified as a
Gluthatione S-transferase (GST) belonging to the rho-class, a class de-
scribed only so far in teleost fishes (Konishi et al., 2005). GSTs are
known to participate in the defense of organisms against oxidative
stress, and play a major role in the detoxification of many xenobiotic
compounds. Indeed, these enzymes catalyze the conjugation of the
tripeptide glutathione to electrophilic parts of a wide range of xenobi-
otic compounds (Salinas and Wong, 1999), producing compounds
that are generally less reactive and more soluble (phase Il metabolism,
Martinez-Lara et al., 2002). The activity of GST is often used as an indi-
cator in experimental- and environmental-ecotoxicological studies
(Fonseca et al., 2011; Kerambrun et al., 2011). In several estuarine
fishes, including flounder, the GST activity was shown to correlate
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Fig. 4. Examples of typical accumulation patterns of selected spots in each estuary.
A) spot S3 B) spot TS1 C) Spot T1. Points represent the mean average normalized vol-
ume of each spot & SD. Histograms represent the normalized volumes of each spots on
each 4 gels per group.

with PAH-, PCB-, and metal-environmental contaminations (Kerambrun
et al,, 2011; Napierska and Podolska, 2008; Napierska et al., 2006; Vieira
et al., 2009).

Two protein spots corresponding to energetic metabolism en-
zymes, i.e. the malate dehydrogenase (TS1, MDH), a protein implied
in the citric acid cycle, and the fructose bisphosphate aldolase (TS5),
appeared to be also overproduced in the two polluted estuaries (i.e.,
Seine and Tamar). Interestingly, the a-enolase (T1), also implied in
glycolysis, also appeared to be more abundant in the Tamar. These re-
sults suggest an increase of the overall energy demand in fishes sub-
jected to polluted environments, that would result from the need to
adapt to environmental constraints (including pollution and/or other
stressing condition specific to the life in these estuaries). It should be
noted that the calculated condition indexes of the fishes from the
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Table 2
Differentially accumulated spots.

Estuary Spot number Fold P-value

Tamar + Seine TS1 2.0 0.035
152 2.0 0.181
1S3 22 0.234
TS4 1.8 0.019
1S5 24 0.800
TS6 2.1 0.162
157 38 0.088
1S8 2.6 0.155
159 24 0.443

Canche C1 2.6 0.043
C2 2.0 0.008
C3 1.7 0.041
4 23 0.152

Seine s1 25 0.048
S2 24 0.047
S3 6.7 0.029
S4 24 0.076

Tamar T1 2.6 0.116
T2 22 0.020
3 34 0.133
T4 1.6 0.026
15 2.1 0.084
T6 21 0.013
T8 1.9 0.006
T9 22 0.046
T10 23 0.678

Tamar + Canche TC1 1.7 0.042

Data result from the SameSpot analysis of four 2-DE gels per condition. Results in bold
correspond to spots which level increased more than 2 times, with a P-value<0.05.
Results in italic correspond to spots displaying high inter-individual differences
(P-value>0.05) or accumulation factor<2.

Canche was 1.72 £ 0.06, and 1.7 £ 0.08 and 1.49 4- 0.04 for fishes from
the Seine and the Tamar, respectively. This suggests that the increase
in energy metabolism observed in individuals from the Seine and the
Tamar does not serve for growth and development, thus suggesting
energy reallocation toward adaptation to the particular environmen-
tal conditions encountered by these fishes.

The last identified spot (S3 — Fig. 2-Table 3) corresponded to a
fertilization envelope outer layer protein-like, which belongs to the
VMO-I superfamily (Vitelline Membrane Outer layer protein 1 homo-
log). This protein appeared to be highly accumulated in the livers of
fishes from the Seine. VMO-I is an egg soluble protein expressed in
the hen oviduct (Uyeda et al., 1994) that interacts with ovomucin to
constitute the outer layer of the vitelline membrane (Kido and Doi,
1988). Vitellogenin (VTG) production is commonly used as a biomarker
of exposure to estrogens and to xenobiotics displaying affinity for the
estrogenic receptor, including PCBs and PAHs (van der Oost et al.,
2003). VTG revealed to be highly induced not only in P. flesus

Table 3

experimentally exposed to 17-p estradiol (Williams et al., 2007), but
also in wild fishes from several UK estuaries, most probably resulting
from the presence of endocrine disrupting compounds (Allen et al.,
1999; Kleinkauf et al., 2004; Scott et al,, 2006). We did not identify
VTG in our study. However, it should be noted that, during fish oogen-
esis, the production of vitelline envelope proteins (especially zona
radiata proteins) precedes that of vitellogenin (Arukwe and Goksoyr,
2003). Therefore, our results suggest that the flounders from the
Seine, although immature (O+ group), initiated oogenesis. This could
be due to the presence of endocrine disrupters in the Seine, that could
activate an early maturation of the flounders. Interestingly, a significant
proportion of intersex was previously reported in male flounders from
the Seine (Minier et al., 2000). Further experiments will be of particular
interest to formally correlate the presence of this protein to the initia-
tion of the ovarian development in P. flesus juveniles, and to determine
whether this is linked to the pollution specifically found in the Seine.

Finally, over the 27 selected proteins, we could identify only 6 of
them. Considering the data available in the literature, the rate of suc-
cess in protein identification from non model fishes is highly variable
(Forné et al., 2010). It should be noted that, for most of the uni-
dentified proteins, we obtained good quality MS/MS spectra. Consid-
ering how MS-MS software such as Mascot and Peaks do work, the
identification success mainly depends on (i) the availability of pro-
tein/genomic sequences in databases, and on (ii) the degree of conser-
vation of the protein. This suggests that the yet unidentified proteins
should be original ones (i.e., which sequences are not yet available in
databases), and thus could be of primary interest. Further progresses
in the knowledge of flatfishes' genomics will certainly help, in the
coming years, to improve the identification rate of proteins, and thus
the overall interest of proteomic studies for this kind of experimental
approaches.

4. Concluding remarks

P. flesus is often used as a sentinel species to monitor estuarine
water quality. Several recent studies dealing with stress adaptation
of this species used a wide transcriptomic approach, based on a
13,270-clones cDNA microarray, developed in the context of the
EU-GENIPOL project (Williams et al., 2006). These transcriptomic
studies were effective to characterize the responses not only of floun-
der to model toxicants in contamination experiments (Williams et al.,
2006, 2007, 2008), but also of mesocosms- (Leaver et al., 2010) and
environmentally sampled-fishes (Falciani et al., 2008; Larsen et al.,
2008). Recently, Williams et al. (2011) integrated transcriptomic,
metabolomic and phenotypic data to study wild P. flesus populations
sampled at 7 estuaries displaying different degrees and profiles of
chemical contaminants, and identified molecular networks associated
with fishes' environmental exposure. Proteomics is highly comple-
mentary to transcriptomic analysis, as (i) proteins are direct effectors

Identification of proteins differentially accumulated in the livers of P. flesus from the three estuaries.

Spot no. Identification Species NCBI accession  Sequenced peptides Coverage Score MW obs/th pl obs
no. (%) (%) (kDa)
TS1 Malate dehydrogenase 1a, NAD (soluble) Danio rerio gi|237850666  VVDGLSINDFSR 9.2 60.8  34/33 7.8
TS2 Glutathione S-transferase rho class Platichthys flesus gi|78229130 LWEEYLQK 144 389 30/24 9.4
FGLSEERYPK
DM(+ 15)TLLWGSGSPPC(+57)WR
TS5 Fructose-bisphosphate aldolase B Orysias latipes gi|187457650  ISDGC(+ 57)PSALAIAENANVLAR 235 60.8  38/39 9.6
C4 Beta hemoglobin A Seriola quinqueradiata  gi|285278803  LHVDPDNFR 18.0 842 13/16 7.7
FLSVVVSALGR
IDVGEIGPQALTR
T1 Alpha enolase Black bear gi|282756065  AAVPSGASTGIYEALELR 235 217 43/47 5.9
S3 VMO-1 superfamily protein Platichthys flesus gi|109176266 ~ GDDTTANNIR 24.6 700 23/23 4.6

M(+ 16)EDQQGGGDDTALNDVR

Proteins were excised from the 2-DE gels, trypsinolyzed, and the resulting peptides were sequenced by using MALDI TOF-TOF mass spectrometry. Spectra analysis was performed
using the PEAKS Software. The score and the coverage were those given by the PEAKS software, using the search parameters described in the Materials and methods section.
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of the actual cellular and organism physiology (Tomanek, 2011),
and (ii) it is acknowledged that transcriptomic data explains less
than half of the variations in protein abundances (Feder and Walser,
2005). Proteomics was also considered in the GENIPOL project and
was presented in several meeting abstract (George et al., 2003;
MacKenzie et al., 2008; Rogowska-Wrzesinska et al., 2003, 2006) but,
to our knowledge, never published as full papers.

In our study, we characterized several proteins differentially accu-
mulated in the livers of flounder collected in 3 estuaries that notably
differ in the nature and extent of pollution they carry. The obtained
results suggest that P. flesus individuals collected in polluted areas
(i) increase their energetic metabolism-, and (ii) use Glutathione-S-
transferase-, to counteract the deleterious effects of pollution. In addi-
tion, we showed a strong accumulation of a protein belonging to the
VMO-I superfamily in individuals from the Seine, that could be related
to the presence of endocrine disrupters in this site. However, it should
be kept in mind that working on wild populations, in natural environ-
ments, raises questions about the actual link between the observed
proteome phenotypes and the nature and extent of chemical contam-
ination of estuaries. Indeed, the measured molecular response will ob-
viously be also dependent upon natural life history traits, and to other
environmental factors such as salinity variations, temperature, food
availability, the type of sediments, or other confounding factors. As a
consequence, this kind of proteomic strategy should be considered
as exploratory, and we are now (i) characterizing the effects of exper-
imental contaminations on flounder liver proteome, and (ii) studying
the physiology of fishes in both experimentally- and naturally-polluted
environments. The combination of these experimental approaches will
help us in understanding the adaptation mechanisms of P. flesus to estu-
arine pollutions, and will hopefully lead to the development of new
molecular biomarker to monitor the quality of estuarine water.
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Abstract: responses of fish populations to chemical stress in estuaries : molecular,
biochemical and immunotoxicologic approach

Coastal and estuarine environments are mainly impacted by anthropogenic activities that
lead to several stress (chemical and/or thermal stress, hypoxia...). Presence of complex mixtures
of contaminants could create serious damages in aquatic ecosystems and also in human
populations.

During this work, two studies were carried out in France and Québec, on two species: the
European flounder (Platichthys flesus) and the Atlantic tomcod (Microgadus tomcod), these
fishes being considered as sentinel species of the water estuarine quality. A multi-parameter
approach was conducted considering the fish responses to the chemical stress, from molecular
to individual levels (gene expression, detoxification process, functioning of the immune system,
energetic metabolism and condition index). The main objective of this study was to identify the
more pertinent biomarkers to evaluate the estuarine water quality.

Firstly, the flounder responses were studied in controlled conditions after 29 days of
contamination with environmentally relevant concentrations of PAHs and PCBs in food, followed
by a 14 days recovery period. The contaminated diet impacted the immune system and showed
an increase of the detoxification process and of the DNA damages. Up-regulation of the
complement C3 and TNF-receptor gene expressions could be explain by an inflammatory
response in liver. The lysozyme level was also impacted and appeared to be the more sensitive
immune parameter to the chemical stress. This study underlined a significant correlation
between the Cytochrome P450 1A1 expression level and the DNA damage.

Secondly, the previous markers were explored on the flounder and the tomcod, considering
the fish population responses to contaminants in the field. These two studies underlined the
complexity of the immune responses to contamination, some functions being inhibited (capacity
of phagocytosis) whereas others being enhanced (expression of C3 and TNF-R, proliferation of
lymphocytes). Moreover, this multiparameter approach confirmed the pertinence of several
markers in experimental conditions as in the field. This study carried out on flounder and
tomcod populations showed differential responses of populations in contaminated vs in pristine
sites (particularly considering: energetic metabolism, detoxification process, immune response
and condition index), linked to fish aging (0+ vs 1+ cohorts).




Résumé : Réponses de populations de poissons au stress chimique en milieux estuariens :
intégration des réponses moléculaires, biochimiques et immunotoxicologiques

Les milieux coétiers et estuariens sont aujourd’hui particulierement impactés par les
activités anthropiques qui se traduisent par des stress multiples s’exercant sur les populations
aquatiques (stress chimique, thermique, hypoxique,...). La présence de cocktails de polluants
complexes dans les eaux peut avoir des conséquences non seulement sur les écosystemes
aquatiques, mais également sur les populations humaines situées au sommet de la chaine
trophique.

Au cours de ce travail de these, deux études ont été menées parallelement en France et au
Québec, sur deux poissons considérés comme des especes sentinelles en milieux estuariens,
respectivement le flet (Platichthys flesus) et le poulamon (Microgadus tomcod). Une batterie de
biomarqueurs a été mise en ceuvre, en considérant différents niveaux d’organisation biologique,
C'est-a-dire en analysant les réponses au stress chimique du niveau moléculaire au niveau
individuel (expression de génes, activité de détoxification, fonctionnement du systéme
immunitaire, métabolisme énergétique, indices de condition). L’objectif principal de cette étude
était de rechercher les biomarqueurs les plus pertinents pour évaluer la qualité des écosystemes
estuariens, en prenant en compte les spécificités des milieux contaminés et des especes
sentinelles.

Dans un premier temps, la réponse du flet a été explorée en conditions controlées, apres
une contamination de 29 jours avec un cocktail de HAPs et PCBs a des doses environnementales,
suivie de 14 jours de récupération. Le cocktail de polluants, administré par 'alimentation, affecte
le systeme immunitaire et induit des processus de détoxification et des dommages a I’ADN.
L’augmentation de I'expression du composant C3 du complément et du TNF-receptor suggere
que les polluants provoquent une réponse inflammatoire au niveau du foie. La mesure du
lysozyme apparait comme l'un des marqueurs les plus sensibles du systéme immunitaire face
aux contaminants. Enfin, cette étude met en évidence une corrélation entre I'expression du gene
Cytochrome P450 1A1 et les dommages a I’ADN.

Ces marqueurs ont été dans un second temps mis en ceuvre dans I'analyse des réponses de
populations naturelles de flet puis de poulamon a la contamination chimique. Il apparait dans
ces deux études que la réponse du systeme immunitaire est complexe, certaines fonctions étant
inhibées (capacité de phagocytose) alors que d’autres sont activées en présence de polluants
(expression du C3 et du TNF-R, prolifération lymphocytaire). De plus, l'approche
multiparametres confirme que certains marqueurs testés en laboratoire peuvent étre également
pertinents pour diagnostiquer la qualité des milieux estuariens. Les études réalisées sur les
populations de flet et de poulamon montrent un différentiel entre sites contaminées versus sites
témoins, au niveau de plusieurs biomarqueurs (métabolisme énergétique, activités de
détoxification, réponses immunitaires, indices de condition), selon les sites échantillonnés et
I'age des poissons (cohortes 0+ ou 1+).




