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1. LE GRAND ECOSYSTEME MARIN DU COURANT DES CANARIES

Spécificités environnementales

Le systeme du courant des Canaries se situe le long de la cOte ouest de I’Afrique, depuis
Gibraltar (36°N) jusqu’au Sud de la Guinée Bissau (10°N). Il s’étend sur plus de 5400 km de
cote et couvre une surface en mer de 2 millions de km?, incluant les zones économiques
exclusives de 7 pays (i.e. Espagne via les iles Canaries, Maroc, Mauritanie, Sénégal, Gambie
et Guinée-Bissau) (Sambe et al., 2016). Cet écosystéme est associé a un régime de courants
particulier lié a la présence de phénomeénes océanographiques appelés « upwellings ». Il fait
partie des quatre plus grands systémes d’upwelling au monde se situant sur les facades
ouest des grands continents aux latitudes tropicales et subtropicales. Parmi ces upwellings
de bord est, on retrouve dans le Pacifique le courant de Californie dans ’"hémisphére nord
(incluant les Etats-Unis et le Mexique) ainsi que le courant de Humboldt dans I’'hémispheére
sud (Pérou et Chili). En Atlantique nord se trouve le courant des Canaries et dans
I’hnémispheére sud le courant du Benguela (Angola, Namibie et Afrique du Sud). Un upwelling
(de I'anglais up=montée et well=source) se caractérise par une remontée d’eau profonde sur
le plateau continental qui compense la dérive des eaux de surface vers le large sous les
actions combinées d’un vent favorable (vents paralléles a la cote et dirigés vers I'Equateur le
long d’un upwelling de bord est) et de la rotation de la terre (I'action de la force de Coriolis

sur les mouvements océaniques) (Figure 1).

Upwelling

Figure1 Représentation schématique du fonctionnement d’un systéme d’Upwelling
(www.wikipedia.org).



Les eaux froides remontant le long de ces cotes sont généralement riches en nutriments, en
raison de leur enrichissement permanent par les feces de zooplancton, poissons,
invertébrés, de leurs carcasses qui coulent en se dégradant puis s’accumulent en
profondeur, et de I'absence de production primaire en profondeur pour utiliser ces
nutriments. Cet apport de nutriments dans la zone euphotique olu se produit la
photosynthése a pour effet de stimuler la croissance du phytoplancton. Cette forte
production primaire soutient a son tour le développement de I'ensemble du réseau
trophique faisant de ces écosystemes marins les plus productifs en biomasse. Parmi eux, le
courant des Canaries se place au premier rang en termes de production primaire (« PP »,
histogramme bleu sur la Figure 2), estimée a 372 grammes de cellules par métre carré et par
an (Sambe et al., 2016), grace a un important apport en nitrate (« NP », histogramme vert
sur la Figure 2) par les eaux issues de I'upwelling, doublé d’un dépo6t de Fer provenant des

poussiéres sahariennes (Chavez et Messié, 2009; Messié et Chavez, 2015).
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Figure2 Les quatre principaux systémes d’upwelling de bord est. Le gradient de couleur
représente la concentration en chlorophylle (mg:m?3). L’histogramme « NP » représente les
apports journaliers en nitrate liés a l'upwelling, et « PP» indique la production primaire
journaliére moyenne (gC-m™-d"). D’aprés Messié et Chavez 2015.
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L'upwelling n’est cependant pas homogéene au sein du courant des Canaries. La localisation
et la saisonnalité des résurgences sont contrélées par la topographie et le régime des vents,
issu du balancement de l'anticyclone des Acores et de la migration de la zone de
convergence intertropicale. Cette complexité donne lieu a une zone d’upwelling permanent
ainsi qu’a des zones d’upwelling saisonnier (Figure 3). Au nord du Maroc, I'upwelling débute
en mars pour se terminer en ao(t, alors qu’il a lieu toute I'année du Sahara Occidental
jusgu’au nord de la Mauritanie. Du Sud de la Mauritanie au nord du Sénégal, I'upwelling est

actif d’octobre a juin, et seulement de décembre a mai pour la partie sud du Sénégal.
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Figure3 Localisation des centres d’'upwelling et leur saisonnalité dans le systéme de courant des
Canaries. Adapté de Taleb (2005).



A plus fine échelle, le vent s’intensifie généralement au niveau des caps importants,
induisant des résurgences locales particulierement actives comme par exemple au Cap Blanc
a la frontiere entre le Maroc et la Mauritanie ainsi qu’au niveau de la presqu’ile de Cap Vert
a Dakar (Sénégal). Enfin, cette variabilité de I'activité de 'upwelling dans le courant des
Canaries induit de forts écarts de températures de surface de I'ordre de 12°C (Rebert, 1982).
En effet, alors que I'eau ne dépasse pas 16 a 18°C en février-mars, les températures

atteignent 28 a 30°C en ao(t et septembre le long des cotes mauritaniennes et sénégalaises.

Contexte halieutique

Bien que ne représentant qu’un pour mille de la surface des océans, les zones d’upwelling
sont les plus exploitées par 'Homme et produisent prés d’un cinquiéme des captures
marines mondiales (Fréon et al.,, 2009). Parmi les nombreux services rendus par
I’écosystéeme du courant des Canaries, estimés a environ 11,7 milliards de dollars US
(Interwies et Gorlitz, 2013), les ressources halieutiques représentent une large part, faisant
du courant des Canaries (CCLME) la premiére zone de péche du continent africain. En effet,
parmi les 12 500 espéeces marines recensées au sein de cet écosystéme, certaines font I'objet
d’une exploitation importante par les pécheries locales. La production halieutique de cet
écosysteme est effectuée a environ 70 % par la péche cétiere et artisanale et dépasse les 3
millions de tonnes par an (www.fao.org/fishery, 2015). Elle est a une large majorité
composée de petits poissons pélagiques, parmi lesquels la sardine commune Sardina
pilchardus représente |'espéce dominante, constituant plus de 30 % des captures annuelles
sur la période 2000-2010 (Figure 4). Cette espece est suivie par les sardinelles Sardinella sp.
(22 % des captures) et les chinchards Trachurus sp. (16 %), ainsi que d’autres espéces telles

gue le maquereau espagnol Scomber japonicus.
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Figure 4 Contribution moyenne (%) de différents groupes aux captures annuelles réalisées entre
2000 et 2010 sur I’ensemble de la zone de péche du CCLME (www.fao.org/fishery, 2015).

L’écosysteme du courant des Canaries garantit ainsi I'approvisionnement en produits marins
des populations locales mais également européennes, puisque pres de la moitié de la
production halieutique est destinée a I'exportation, parmi laguelle environ 40 % sont dédiés

a I'Union Européenne (MAPM, 2015).

2. LA CONTAMINATION METALLIQUE

Les écosystemes cOtiers constituent une zone d’interface entre le continent, 'atmosphére et
I'océan, et représentent 7 % (26.106 km?) de la surface totale des océans. L‘Organisation des
Nations Unies pour I'Education, la Science et la Culture (UNESCO) estime a environ 3,4
milliards la population humaine vivant sur une cote ou a moins de 200 km d‘un littoral ce qui
représente la moitié de la population actuelle du globe. Alors que 40 % de la population
mondiale vit actuellement dans la bande des 100 km, cette part devrait atteindre 75 % en
2025, soit 6,3 milliards d’étres humains. De par cette forte pression démographique, les
écosystemes cotiers sont soumis a de nombreuses perturbations d’origine anthropique.

En Afrique de I'ouest, les problémes environnementaux prioritaires établis par le Programme

des Nations Unies pour I'Environnement (UNEP) concernent : I'épuisement des ressources



halieutiques et la perte de biodiversité marine; la dégradation et la modification de
I'habitat ; le déclin de la qualité de I'eau lié aux activités terrestres humaines tels que les
rejets d’effluents liés aux activités industrielles et urbaines ainsi qu’au lessivage des terrains
agricoles (UNEP, 2006). Avec une population estimée a 64,5 millions de personnes tous pays
confondus, I'écosysteme cotier du courant des Canaries est lui aussi soumis a une pression

anthropique responsable de pollutions locales.

Sources

Parmi les différents contaminants responsables de cette pollution, certains éléments
métalliques occupent une place prépondérante et trouvent tout d’abord leur origine dans le
secteur de l'industrie. A titre d’exemple, le Maroc est le premier producteur et exportateur
mondial de produits phosphatés toutes formes confondues, abritant 73 % des réserves
mondiales de phosphate connues a ce jour (OCP, 2015). Les minerais phosphatés renferment
naturellement une quantité importante d’éléments toxiques comme le cadmium (Cd), pour
lequel les concentrations vont de 24 a 96 ppm (parties par million = mgkg™) dans les
minerais marocains et de 225 a 290 ppm au Sénégal, également producteur d’engrais
(Friberg et al., 1985). La fabrication d’acide phosphorique et d’engrais phosphatés entraine
de plus la création d’un sous-produit, le phosphogypse, qui est relargué sans traitement
dans I'environnement marin (Cheggour et al., 1999; Gaudry et al., 2007; Kaimoussi et al.,
2001). Le phosphogypse est également connu pour concentrer du Cd mais également de
I"'uranium tout comme les engrais phosphatés (Rutherford et al., 1994; Schipper et al., 2011;
Smidt et al.,, 2011), et son rejet serait a I'origine d’un enrichissement du milieu marin
équivalent a 240 tonnes de Cd par an (Auger et al., 2015). L'industrie du phosphate
représente donc une source majeure d’apports anthropiques en métaux dans le courant des
Canaries, soit par rejet direct de phosphogypse, soit indirectement par l'utilisation d’engrais
gui contaminent I’environnement marin via le lessivage des terrains cultivés.

Le rejet des eaux usées est également une cause de contamination importante en métaux
toxiques. Au Sénégal, la ville de Dakar héberge a elle seule pres d’un quart de la population
du pays et ne dispose que d’une seule station d’épuration (Diop et al., 2012). Ce réseau

d’assainissement limité conduit a un déversement direct ou par ruissellement d’eaux non



traitées dans I'environnement marin. En effet, sur plus de 67 millions de m® d’eaux usées
rejetées chaque année dans la région dakaroise, moins de 60 % font I'objet d’un traitement.
Cela conduit a une forte pollution des eaux et sédiments de surface par des éléments tels
gue le cadmium, le chrome et le plomb, constatée a proximité des métropoles telles que
Casablanca au Maroc ou Saint-Louis et Dakar au Sénégal (Benbrahim et al., 2006; Diop et al.,
2015, 2014).

Enfin, I'activité de I'upwelling influence grandement le cycle des éléments métalliques au
sein de I'écosysteme marin du courant des Canaries. En effet, suivant le cycle des
nutriments, les métaux toxiques sont assimilés par les organismes marins et finissent par
rejoindre le pool de matiére organique détritique coulant en profondeur, avant d’étre
reminéralisés par des bactéries hétérotrophes pour étre finalement a nouveau transportés
vers la surface via la remontée d’eaux profondes induite par 'upwelling. Pour des éléments
comme le Cd, les plus fortes concentrations naturelles observées dans ['‘océan
correspondent aux zones d’upwelling prononcé (Mart et Nirnberg, 1986). La mesure de cet
élément peut ainsi permettre de retracer la présence et l'intensité d’une zone d’upwelling
actuelle via la mesure du Cd dissous dans |'eau (Takesue et van Geen, 2002), ou passée via
I’analyse de pieces carbonatées fossiles (van Geen et Husby, 1996). Il en va de méme pour le
courant des Canaries, ou les concentrations en Cd hors zones de rejets industriels suivent
I'intensité et la saisonnalité de I'activité de I'upwelling (Benbrahim et al., 2006; Hakima et al.,
2017; Maanan, 2008). Il a ainsi été estimé que la contribution de l'upwelling dans
I’assimilation du Cd par le phytoplancton égalait (Auger et al., 2015) ou dépassait (Waeles et

al., 2016) celle des apports anthropiques.

Spéciation des métaux

Dans I'environnement marin, les éléments métalliques peuvent se présenter sous trois
formes discriminées en fonction de leur taille : dissoute (< 1 nm), colloidale (1 nm a 0,4 um)
et particulaire (> 0,4 um) (Chiffoleau et al., 1999). La spéciation des éléments métalliques est
régie par différents facteurs physicochimiques et biologiques variant entre ces trois formes,
tels que le pH, la salinité, la concentration en matieére en suspension et la nature

géochimique des particules. Les formes dissoutes comprennent des ions sous forme libre ou



complexés a des composés minéraux tels que des chlorures, ou organiques tels que des
acides aminés, des composés de type EDTA (Ethyléne Diamine Tétra-Acétique) ou des
métabolites excrétés par le phytoplancton. Les formes colloidales sont quant a elles issues
de la liaison des métaux avec des molécules de haut poids moléculaire tels que les acides
humiques, lipides et polysaccharides. Enfin, les formes particulaires résultent d’une
association avec une phase solide d’origine minérale, comme par exemple précipité avec du
phosphate, ou d’origine organique comme inclus dans des carbonates, des restes

d’organismes ou encore des pelotes fécales (Sadig, 1989).

Toxicité des métaux

Au sein du large panel d’éléments métalliques présents en quantité significative dans les
écosystémes marins, tous n’ont pas les mémes effets sur les organismes. En effet, certains
métaux appelés « oligo-éléments » sont indispensables au fonctionnement des processus
biologiques, mais peuvent toutefois s’avérer toxiques a fortes concentrations, tel le cuivre, le
fer ou le zinc. D’autres n’ont pas de role biologique démontré et présentent une toxicité
pour les organismes méme a de faibles concentrations, comme le cadmium, le mercure et le
plomb. Chez les organismes marins comme les poissons, la toxicité de ces éléments est ainsi
responsable de nombreux dommages. Le cadmium (Cd) est par exemple connu pour
augmenter le stress oxydant, induire des perturbations endocriniennes et de ’lhoméostasie
des métaux essentiels, provoquer des pathologies tissulaires et une dépression du systeme
immunitaire qui affectent in fine la croissance et la survie (McGeer et al., 2011a). Ces
éléments peuvent également impacter la santé humaine par entre autres leurs propriétés
cancérogénes, neurotoxiques et reprotoxiques (Bosch et al., 2016). Au Japon, deux cas
d’intoxication historiques ont impliqué le cadmium et le mercure. De 1910 a 1945, des rejets
industriels de cadmium dans la préfecture de Toyama ont provoqué lintoxication de
plusieurs centaines de personnes via la consommation de riz contaminé. La maladie qui en a
découlé a été nommée « ltai-Itai », littéralement « aie-aie », en référence aux fortes
douleurs qu’elle provoque, dues aux atteintes osseuses induites par substitution du calcium
par le cadmium en plus d’'une sévére insuffisance rénale (Inaba et al., 2005). En ce qui

concerne le mercure, son rejet également industriel d’environ 400 tonnes de 1932 a 1966
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dans la baie de Minamata causa l'intoxication de plusieurs dizaines de milliers de personnes
via la consommation de poisson. Cette pollution induisit notamment une contamination in
utero qui engendra des symptomes se traduisant par des atteintes physiques et
neurologiques graves et permanentes chez les nouveau-nés (Harada, 1995).

Ces éléments toxiques ont longtemps été étudiés sous la dénomination de « métaux lourds »
de par leur importante masse volumique. Ce terme est cependant peu pertinent d’un point
de vue chimique car il englobe des éléments plus légers tels que des métalloides pourtant
hautement toxiques comme I'arsenic. L'Union Européenne a cependant adopté cette
appellation qui vaut pour le droit européen et celui des Etats-membres et définit « les
matériaux sous forme métallique, pour autant qu'ils soient classés comme substances
dangereuses » (UE, 2000). La notion d’ « éléments traces métalliques » (ETM) s’est
également récemment répandue dans la littérature, caractérisant les métaux dont la
concentration naturelle moyenne dans la cro(te continentale supérieure est inférieure a
1000 ppm (mg.kg™). Cette classification va cependant a I'encontre de 'abondance crustale
de certains éléments comme le fer qui peuvent induire une toxicité a forte dose. De plus, le
qualificatif de « traces » peut s’avérer trompeur dans le contexte d’importants niveaux de
contamination retrouvés dans certains environnements. Bien que naturellement présents
dans les roches et la cro(ite terrestre et libérés dans I'atmosphére et I’"hydrosphére par
certains processus tels que I'activité volcanique ou I’érosion, I'émission naturelle de métaux
toxiques est en général faible comparée aux sources anthropiques. En effet, 15 % du Cd et
seulement 4 % du plomb atmosphérique proviennent de sources naturelles (Nriagu, 1989).
Bien que les activités humaines ne créent pas les éléments métalliques, elles participent

largement a leur diffusion et leur concentration.

3. LA BIOACCUMULATION DES METAUX PAR LES ORGANSIMES
MARINS

En conséquence des apports métalliques vers I'écosystéme cotier du courant des Canaries,
une accumulation de métaux non-essentiels comme le Cd est observée chez des organismes

de niveaux trophiques et d’habitats différents. En milieu pélagique, I'accumulation de Cd a
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été montrée du plancton (Auger et al., 2015; Waeles et al., 2016) aux poissons pélagiques
(Chahid et al., 2014; Diop et al., 2016a; Roméo et al., 1999), tout comme en milieu cétier ou
ce métal est retrouvé dans les macroalgues (Diop et al., 2016b; Gaudry et al., 2007), les
invertébrés benthiques (Cheggour et al., 1999; Kaimoussi et al., 2001; Maanan, 2008; Roméo
et Gnassia-Barelli, 1988; Sidoumou et al., 1999, 2006) et les poissons démersaux (Diop et al.,
2016a, 2016b; Roméo et al., 1999; Sidoumou et al., 2005). Cette accumulation résulte de
divers processus biologiques, donnant lieu a des concentrations métalliques significatives

pouvant étre observées chez certains poissons de cet écosysteme.

Voies d’assimilation

Les organismes marins peuvent assimiler les métaux présents dans I’environnement d’abord
par voie directe, par transport a travers les membranes biologiques des organes a l'interface
avec l'eau, tels que les branchies et dans une moindre mesure le tégument et le tractus
digestif. La spéciation des métaux revét alors une importance particuliere, puisque les
formes colloidales et particulaires ne sont que peu assimilables par voie directe (Hollis et al.,
1996). D’autre part, les consommateurs marins assimilent également les métaux par voie
trophique, via I'ingestion de proies contaminées. La part relative des apports issus de ces
deux voies, directe ou trophique, dans la contamination métallique des poissons ne fait pas
I'objet d’'un consensus dans la littérature, mais il semblerait que les apports trophiques
soient prédominants en milieu marin (Mathews et Fisher, 2009a). En effet, Creighton et
Twining en 2010 ont montré chez un poisson estuarien (Ambassis jacksoniensis) que prés de
la totalité des métaux étaient assimilés par voie trophique (i.e. 97 % pour le Cd, 99 % pour le
sélénium et 98 % pour le zinc). Le transfert trophique serait d’ailleurs d’autant plus
important pour des poissons prédateurs que pour des especes omnivores, comme montré
par exemple pour I'accumulation du césium chez le sébaste Sebastiscus marmoratus (Pan et
Wang, 2016). Ce constat peut d’abord étre lié a la plus grande dilution des métaux en milieu
marin comparé aux milieux dulcicoles. Par exemple, les concentrations en Cd mesurées en
2014 dans I'eau de mer au large du Maroc par la campagne EPURE (« Eléments traces
métalliques, pollution, upwelling et ressources ») ne dépassaient pas 45 ng.L™* alors qu’elles

peuvent atteindre 250 ng/L dans I'estuaire de la Gironde (Boutier et al., 1989). De plus, en
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milieu aquatique certains éléments comme le mercure sous sa forme méthylée présentent
une forte affinité biologique et sont rapidement assimilés par le phytoplancton (Mason et

al., 1996) avant d’étre transférés et bioamplifiés via la chaine trophique jusqu’aux poissons.

Transport et séquestration des métaux

Apreés ingestion, les éléments toxiques tels que le Cd sont transportés et distribués dans
I'organisme en empruntant les voies dédiées aux métaux essentiels. Plusieurs voies
d’entrées ont ainsi été identifiées chez les poissons le long du tractus gastrointestinal. Parmi
elles, on notera principalement |'utilisation des canaux calciques, ou des protéines de
transport membranaire telles que le DMT1 (divalent metal transporter 1) ou les
transporteurs ZIP (zinc/iron permease) (McGeer et al.,, 2011a). D’autre part, des
transporteurs d’acides aminés (AA) ou de petits peptides peuvent également participer a
I'absorption des métaux, lorsqu’ils sont conjugués a des cystéines libres ou sous forme
d’oligopeptides (i.e. peptides constitués d’un faible nombre d’AA). Une fois dans la
circulation sanguine, les métaux sont principalement transportés par des protéines
plasmatiques telles que l'albumine, la transferrine et dans une moindre mesure les
métallothionéines. Le foie sera le premier organe a recevoir les métaux apres internalisation
ce qui lui confére un réle primordial dans la bioaccumulation. L’entrée dans les hépatocytes
se fera également via les mémes transporteurs que pour la barriére intestinale (i.e. canaux
calciques, protéines de transport des métaux, transporteurs d’AA et de peptides), ou les
métaux non-essentiels pourront se fixer a de nombreux ligands cellulaires (ADN, ARN,
protéines, granules, organites, etc), restant sous une forme ionique ce qui induira une
toxicité, ou étant séquestrés sous formes non-ioniques ce qui limitera leur toxicité (Campbell
et al., 2008; Eyckmans et al., 2012; Giguere et al., 2006). Parmi les ligands inhibant cette
toxicité, I'un des mécanismes les plus étudiés a ce jour concerne la séquestration des métaux
par des protéines de faible poids moléculaire, les métallothionéines (MT). Leurs propriétés
et role biologique seront développés plus en détail dans la partie Il consacrée a la
méthodologie. A l'instar des MT, qui sont caractérisées par une forte teneur en acides
aminés soufrés (cystéines), tous les ligands cellulaires présentant un groupement thiol tel

que le glutathion peuvent séquestrer les métaux. Il en est de méme pour les molécules
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riches en fonctions carboxyliques. Le deuxieme mécanisme le plus impligué dans la
détoxication des métaux serait leur précipitation au sein de concrétions inorganiques
insolubles appelées « granules riches en métaux », constitués d’'un assemblage de minéraux
tels que des phosphates de calcium et de magnésium (George et al., 1980). MT et granules
sont ainsi responsables de la séquestration de plus de la moitié du nickel et du thalium
accumulés dans le corps entier du téte de boule Pimephales promelas a partir de deux types
de proies différents (Lapointe et al., 2009a). De méme, la fraction de protéines cytosoliques
contenant les MT constitue un moyen de détoxication important pour les anguilles aussi
bien américaines (Anguilla rostrata) qu’européennes (Anguilla anguilla) face a une
exposition croissante a de nombreux métaux (argent, arsenic, cadmium, nickel, plomb,
thalium), séquestrant jusqu’a 76 % du Cd présent dans le foie. Ce mécanisme de
détoxication est de plus secondé par les granules pour certains éléments (nickel, plomb,
thalium) chez les deux espéces (Rosabal et al., 2015). Une fois complexés aux ligands
cellulaires, les métaux seront soit stockés, soit dirigés vers la membrane baso-latérale pour
étre excrétés via la bile (Hauser-Davis et al.,, 2012a, 2014a; Westerlund et al., 1998) ou
libérés dans le systeme circulatoire avant d’atteindre d’autres organes d’accumulation
secondaire tels que le muscle ou d’élimination tels que les reins (Berntssen et al., 2001; Kim

et al., 2006; Siscar et al., 2014).

Transfert trophique

Dans le cas des métaux non-essentiels, dont la concentration n’est pas régulée par le
métabolisme, leur faible excrétion induit un phénomene d’accumulation par les organismes
appelé « bioaccumulation ». Bien que transférés des proies vers les prédateurs, la
bioamplification des métaux, correspondant a leur augmentation avec celle de la position
dans la chaine alimentaire, n’est que rarement observée a I'exception du césium (Cs) et du
méthylmercure (MeHg) (Mathews et al., 2008; Mathews et Fisher, 2008; Pethybridge et al.,
2012). En effet, I'assimilation trophique du Cs et du MeHg par les poissons prédateurs peut
atteindre les 95 % en fonction du type de proies (Wang et Wong, 2003; Zhao et al., 2001), ce
qui, ajoutée a sa faible élimination, explique son amplification a travers la chaine trophique.

A l'inverse, pour la plupart des métaux, les concentrations n’augmentent pas de facon
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linéaire avec le niveau trophique des organismes, s’expliquant en partie par la forte
variabilité observée entre especes dans I'efficacité d’assimilation de ces éléments. En effet,
la proportion de métal traversant la barriére intestinale aprés ingestion dépend fortement
des caractéristiques du consommateur, mais également de la nature des proies et de

I’élément considéré (voir section suivante).

4. VARIABILITE INTER ET INTRASPECIFIQUE

Observations expérimentales

De nombreuses études expérimentales ont analysé I'accumulation chronique des métaux
(i.e. sur plusieurs mois) chez certaines espéces de poissons marins aprés exposition par voie
trophique (Berntssen et al., 2001; Kim et al., 2006; Odzak et Zvonaric, 1995; Okorie et al.,
2014; Ruangsomboon et Wongrat, 2006), mais tres peu d’entre elles n"ont encore impliqué
plusieurs especes soumises simultanément aux mémes conditions d’exposition. De telles
comparaisons d’espéces existent dans la littérature mais elles s’attardent en général
d’avantage sur le suivi de I'élimination des métaux apres ingestion d’une unique dose
d’éléments radioactifs (Mathews et al., 2008; Pouil et al., 2017). Toutefois, Zhang et al.
(2016) ont récemment montré une accumulation de I'arsenic (As) contrastée entre Siganus
fuscescens et le bar du Japon Lateolabrax japonicus. En effet, apres 28 jours d’exposition a
un aliment artificiel enrichi en As, le bar montrait une augmentation de la concentration en
As dans différents organes (intestin, foie, muscle) par rapport aux témoins, contrairement a
S. fuscescens qui ne présentait pas d’accumulation significative (Zhang et al., 2016). Cette
variabilité interspécifique a de plus été retrouvée apres exposition par voie directe. Jeffree
et al. (2006) montrent par exemple dans le cadre d’'une contamination polymétallique dans
I'eau par des radioisotopes, que la petite roussette Scyliorhinus canicula accumule
d’avantage la majorité des métaux étudiés (Cd, Co, Mn, Zn, ou Am) que le turbot Psetta
maxima. Enfin, méme si le mode d’administration ne simule aucune réalité

environnementale, une accumulation supérieure du Cd a été observée dans le foie de la
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daurade royale Sparus aurata comparé a la sole sénégalaise Solea senegalensis, 6 jours aprés

injection intrapéritonéale (Kalman et al., 2010).

Observations en milieu naturel

Au sein des communautés de poissons du courant des Canaries, on retrouve également la
forte variabilité interspécifique observée en conditions expérimentales en termes
d’accumulation des métaux. Ainsi, il a été montré pour des poissons péchés le long de la
cOte du Sénégal, que la sardinelle Sardinella aurita était bien plus contaminée en Cd (jusqu’a
38,4 ppm en moyenne dans le foie pour un des sites) que la sole sénégalaise Solea
senegalensis (ne dépassant pas 1,57 ppm en moyenne pour le méme site) (Diop et al.,
2016a). Cet écart d’accumulation marqué entre les deux espéces peut en partie s’expliquer
par des différences d’habitat, la sardinelle étant un poisson pélagique et la sole un poisson
benthique. Toutefois, des différences d’accumulation marquées ont également été
observées pour des espéeces provenant du méme habitat et a I'écologie proche. Ainsi, trois
espéeces de petits poissons pélagiques comptant parmi les plus exploitées par les pécheries
locales ont été échantillonnées durant la campagne EPURE en 2014 au large du Maroc. Les
concentrations en Cd mesurées dans le foie ont permis de montrer une accumulation
supérieure chez le maquereau espagnol Scomber japonicus, équivalente a 218,6 ng-g™* (ppb),
comparé a la sardine commune Sardina pilchardus (54, 0 ppb) et au chinchard noir Trachurus

trecae (74,8 ppb) (Masski et al., com. pers.) (Figure 5).
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poids sec) dans le muscle de trois espéces de
petits poissons pélagiques échantillonnés
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De plus, au regard de la toxicité de certains métaux, des normes sanitaires concernant
I'ingestion de certains métaux ont ainsi été mises en place par différentes instances telles
que la Commission de Régulation de I’'Union Européenne ou le Comité d'experts FAO/OMS
sur les additifs alimentaires (JECFA). Ces normes incluent des concentrations maximales
admissibles dans les chairs de poissons pour différents éléments toxiques tels que le
cadmium, le mercure ou le plomb. Ces valeurs sont cependant dépendantes de I'espéece
considérée (voir I'exemple du Cd, Tableau 1), reflétant d’avantage la variabilité des
concentrations retrouvées entre les espéeces exploitées plutot que d’éventuelles différences
de toxicité du métal pour 'Homme en fonction du type de poisson consommé. En effet,
I'ingestion hebdomadaire tolérable est fixée a 2,5 pg-kg™” de masse corporelle pour le Cd et
1,6 pg-kg™’ de masse corporelle pour le méthylmercure (JECFA (FAO/OMS), 2007), quelle que

soit la source de métal (i.e. toutes espéces de poissons consommés confondues).

Especes cd (mg-kg™ de poids frais)
Magquereaux (Scomber sp.) 0,1
Thons (Thunnus sp., Katsuwonus pelamis, Euthynnus sp.) 0,1
Bichique (Sicyopterus lagocephalus) 0,1
Bonitou (Auxis sp.) 0,15
Anchois (Eugralis sp.) 0,25
Espadon (Xiphias gladius) 0,25
Sardine (Sardina pilchardus) 0,25
Autres 0,05

Tableau 1 Concentrations maximales autorisées (mg-kg" de poids frais) pour le Cd par I'Union
Européenne dans la chair de différentes espéces de poissons marin (Commission regulation

(UE), 2014)
Au-dela du paradoxe que constituent ces normes, largement basées sur des considérations
économiques, celles-ci refletent a nouveau la diversité des concentrations métalliques

retrouvées chez les espéces marines de poissons.

Enfin, si la bioaccumulation des métaux par les poissons marins est fortement dépendante
de I'espece considérée, elle est aussi largement variable entre individus d’'une méme espéce.
En effet, pour les mémes espéces étudiées, la concentration en Cd dans le muscle peut
évoluer d’un facteur supérieur a 600 a I'échelle d’une trentaine d’individus dans le cas de la

sardine, et représenter une différence de plus d’1 pug g-1 de poids sec entre I'individu le plus
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et le moins contaminé dans le cas de maquereau espagnol (Masski et al., com. pers.) (Table

X).

Nom commun Nom scientifique n | Moyenne Minimum Maximum Différence Facteur
Sardine commune Sardina pilchardus |31 54,0 0,5 332,9 332,4 666
Magquereau espagnol | Scomber japonicus |38 | 218,6 37,2 1387,6 1350,4 37
Chinchard noir Trachurus trachurus | 31 74,8 41 769,9 765,8 190

Tableau 2 Concentration en cadmium (ng-g" de poids sec) dans le muscle de trois espéces de
petits poissons pélagiques. « Différence » indique la différences entre la valeur la plus haute et la
plus basse pour une méme espéce, « facteur » indique le rapport entre la valeur la plus haute et
la plus basse pour une méme espéce. De Masski et al. (com. pers).

5. PARAMETRES DETERMINANT LA BIOACCUMULATION

La concentration métallique observée dans un organisme correspond a la différence entre la

guantité de métal assimilée (directement ou par ingestion) et celle qui est éliminée par

excrétion. Ainsi, de nombreux parametres, aussi bien biotiques qu’abiotiques, peuvent

influer sur la bioaccumulation des métaux par les espéces marines et notamment les

poissons.

Tout d’abord, la bioaccumulation dépend de la dose d’exposition, et donc de la

concentration en métal dans le milieu abiotique (i.e. I'eau de mer), mais surtout biotique

(i.e. la nourriture) dans le cas des poissons marins. En effet, il a été montré lors d’études

expérimentales que la concentration de Cd accumulé dans différents tissus (i.e. intestin, foie,

muscle, reins) augmentait proportionnellement a la dose présente dans I'aliment d’espéces

telles que le saumon atlantique Salmo salar ou le sébaste Sebastes schlegeli (Berntssen et

al., 2001; Kim et al., 2006).

Parameétres physiologiques

La quantité de métal entrant dans l'organisme va ensuite étre dictée par I'efficacité

d’assimilation (EA). Comme évoqué précédemment, cette derniére est tout d’abord
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dépendante de la spéciation des métaux (i.e. leur forme physico-chimique) mais aussi des
processus impliqués dans le passage des métaux du milieu extérieur ou de la lumiere
intestinale vers le milieu interne (i.e. le systeme sanguin). Peu d’études ont comparé I'EA de
différentes especes de poissons marins placés dans les mémes conditions expérimentales, et
celles qui I'ont fait ont obtenus des résultats contradictoires. En effet, (Mathews et al., 2008)
n’ont pas trouvé de différences majeures dans I'assimilation de plusieurs éléments incluant
le Cd entre trois espéces différentes constituées de deux téléostéens (le turbot Psetta
maxima et la daurade royale Sparus aurata) et un chondrichtyen (la petite roussette
Scyliorhinus canicula) nourris avec des juvéniles de daurades marqués par éléments
radioactifs. De plus, méme s’ils n'ont pas été alimentés avec les mémes proies, des EA
similaires ont été retrouvées chez la daurade et le bar européen Dicentrarchus labrax (a
savoir environ 21 et 23 % pour le Cd respectivement ; Mathews et Fisher, 2008). D’autre
part, aprés avoir été nourris par les mémes larves d’Artemia salina, Ambassis urotaenia
présentait une assimilation du Cd presque deux fois plus élevée que le gobie Periophthalmus
cantonensis (Ni et al., 2000). Ces observations contrastées peuvent premieérement
s’expliquer par les différents types de proies utilisées. En effet, Ni et al. (2000) ont obtenu
une assimilation similaire entre les deux mémes espéces de poissons en utilisant une autre
proie qu’Artemia (a savoir un copépode). Cette variabilité de I'EA en fonction de la
composition de la nourriture a également été observée chez de nombreuses autres espéces
de poissons marins (Pouil et al., 2016; Wang et al., 2012; Zhang et Wang, 2006a). Elle peut
étre mise en lien avec la répartition subcellulaire des métaux au sein des proies qui a été
clairement identifiée comme influencant le transfert des métaux vers les prédateurs (Guo et
al.,, 2013; Zhang et Wang, 2006b), méme si I'assimilation des éléments présents dans
certaines fractions cellulaires reste encore discutée (Rainbow et al., 2011). Deuxiemement,
les différences d’assimilation entre espéces vont également dépendre du métal considéré.
Ainsi, une étude comparative du transfert trophique du cobalt et du zinc depuis Artemia
salina jusqu’a deux especes de poissons tropicaux (le poisson-lune argenté Monodactylus
argenteus et le pavillon tacheté Scatophagus argus) a montré une assimilation différente du
zinc, mais la méme quantité de cobalt retenue par les deux espéces. Enfin, le taux
d’ingestion peut lui aussi influer sur la quantité de métal assimilé, comme montré chez le

vivaneau des mangroves Lutjanus argentimaculatus pour lequel I'EA du cadmium, du
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sélénium et du zinc diminue lorsque la quantité de nourriture ingérée augmente (Xu et
Wang, 2002). Malgré la diversité des résultats obtenus par les différentes études concernant
I'efficacité d’assimilation chez les poissons, il est a noter que I'EA d’un métal tel que le Cd est
hautement variable, pouvant étre aussi faible que 2 % chez le pagre Acanthopagrus
schlegelii et 3 % chez la capucette Menidia spp. et pouvant atteindre 45 % chez la daurade S.
aurata (Mathews et Fisher, 2008; Reinfelder et Fisher, 1994; Zhang et Wang, 2007a).

La bioaccumulation va également étre déterminée par les mécanismes de séquestration
cellulaire au sein des organes de stockage tels que le foie ou les reins. Parmi ces
mécanismes, certaines protéines impliquées dans la détoxication des métaux telles que les
métallothionéines ont été largement étudiées (Adam et al., 2010; Hogstrand et Haux, 1991).
Plus récemment, la répartition subcellulaire a été analysée pour comparer la sensibilité de
différentes especes de poissons face a I'accumulation de métaux (Eyckmans et al., 2012;
Leonard et al., 2014; Rosabal et al., 2015), mais cette approche n’a encore que peu été
utilisée pour expliquer les différences d’accumulation entre les organismes marins (Wallace
et al., 2003). Cette thématique sera d’avantage développée dans la partie Il consacrée a la
méthodologie.

Enfin, les capacités d’excrétion vont constituer le dernier levier contrélant les concentrations
internes en métaux. Chez les poissons, les principales voies d’élimination sont représentées
par le rein via la libération d’urine et par le foie via I'excrétion biliaire (McGeer et al., 2011a).
A l'instar de I'EA, les études ayant comparé les cinétiques d’élimination des métaux chez
plusieurs especes marines sont arrivées a diverses conclusions. Mathews et al., (2008) n’ont
retrouvé aucune différence significative entre espéces en termes de vitesse d’élimination de
divers éléments dans le corps entier de la daurade royale, du turbot et de la petite roussette
sur une période de 25 jours, alors que Jeffree et al. en 2006 ont montré une élimination du
Cd deux fois plus rapide chez le turbot que chez la roussette. De plus, méme si les conditions
expérimentales sont déterminantes et peuvent varier entre les études, les cinétiques
d’élimination des métaux semblent grandement dépendre de |'espéce considérée. En effet,
alors que le vivaneau des mangroves Lutjanus argentimaculatus présente une élimination du
Cd continue et importante durant 31 jours de dépuration a I'échelle du corps entier,
I’élimination reste tres lente chez le bar rayé Morone saxatilis comme chez le bar européen

Dicentrarchus labrax durant 14 jours, ne menant a une diminution significative de la
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concentration totale de Cd qu’aprés 24 jours pour D. labrax (Baines et al., 2002; Mathews et
Fisher, 2008).

Les différents parameétres biotiques vont cependant étre soumis aux variations
ontogéniques, métaboliques, a I'état physiologique ainsi qu’au sexe des poissons (Al-Yousuf
et al., 2000; Cossa et al., 2012; Szczebak et Taylor, 2011), faisant de ces derniers des
éléments a prendre en considération dans I'interprétation des processus d’accumulation des
éléments métalliques. Enfin, comme I'accumulation des métaux augmente au cours du
temps (Berntssen et al., 2001; Kim et al., 2006), les espéces a la longévité importante telles
qgque les grands poissons pélagiques et les requins présentent en général de forte
concentrations en métaux (Araudjo and Cedefio-Macias, 2016; Endo et al., 2008; McKinney et
al., 2016). La bioaccumulation sera ainsi souvent dépendante de I'dge et donc de la taille des

individus (Canli and Atli, 2003; Kiszka et al., 2015).

Parameétres écologiques

Comme montré lors d’études expérimentales, la dose d’exposition ainsi que la nature des
proies déterminent les quantités de métaux accumulés par les consommateurs (Kim et al.,
2006; Zhang et Wang, 2006b). De par le cycle des éléments métalliques dans
I’environnement et les organismes marins, ces deux parametres vont quant a eux fortement
dépendre des caractéristiques écologiques des poissons comme I'occupation de I'habitat et
les préférences alimentaires.

Il a ainsi été montré que pour 9 espéces de grands poissons pélagiques de I'océan Pacifique,
la quantité de mercure accumulée dans le muscle augmentait avec la profondeur médiane
d’occurrence dans la colonne d’eau, reflétant les concentrations de mercure organique
dissous dans I'eau de mer (Choy et al., 2009). De plus, sur un large panel d’espéces incluant
de nombreux poissons, échantillonnés dans le Golfe de Gascogne, les concentrations en
mercure étaient supérieures chez les organismes a affinité benthique que chez les espéces
pélagiques (Chouvelon et al., 2012a). La distribution dans la colonne d’eau constituait ainsi le
facteur contribuant le plus a expliquer la variabilité d’accumulation du mercure, soulignant
I'importance de ce parameétre dans la compréhension de I'exposition métallique des espéces

marines de poissons.
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En termes de distribution géographique, la présence de contaminations locales de I’habitat
peut également intervenir dans la bioaccumulation. Ainsi, Diop et al. en 2016 ont retrouvé
des concentrations métalliques trés contrastées dans le muscle et le foie de la sardinelle S.
aurita et la sole sénégalaise S. senegalensis en fonction des sites de prélevements le long de
la cote sénégalaise, reflétant la variabilité spatiale des rejets anthropiques.

D’autre part, en assumant que les métaux sont majoritairement assimilés par voie trophique
chez les poissons marins, la contamination métallique au sein d’un habitat est souvent liée a
un comportement de recherche alimentaire. Ainsi, il a été montré pour diverses espéces que
la zone de capture des proies pouvait déterminer la bioaccumulation. En ce qui concerne le
Cd, I'alimentation le long d’un gradient cote-large semble influencer I'accumulation chez
deux especes de requins de zones différentes : le requin-hd Galeorhinus galeus en mer
Celtique et le requin tigre Galeocerdo cuvier du nord-ouest Pacifique (Domi et al., 2005;
Endo et al., 2008). Alors que I'accumulation est supérieure en zone cétiere pour le premier,
le deuxiéme présente une augmentation des concentrations en Cd due au changement
ontogénique d’un habitat cotier vers un habitat plus océanique.

Ce changement de zone alimentaire implique généralement un changement de la
composition des proies, qui se refléte sur les niveaux de contamination métallique. Ainsi, la
consommation de proies benthiques par les juvéniles de tassergal Pomatomus saltatrix
induit une plus forte exposition au mercure que l'ingestion de proies pélagiques par les
adultes aprés un changement ontogénique de régime alimentaire (Szczebak et Taylor, 2011).
De méme, des différences d’accumulation du Cd ont été observées entre différents individus
de thon germon Thunnus alalunga dans le Golfe de Gascogne. Les deux groupes de poissons
présentaient également des signatures isotopiques traduisant des niches trophiques
différentes, probablement basées sur la consommation de différentes espéces de
céphalopodes (Das et al., 2000).

Au-dela de I'impact évident de I’habitat et du régime alimentaire sur la bioaccumulation, ces
études mettent en évidence la grande variabilité intraspécifique en termes de niche
trophique et la nécessité de se placer a I'échelle individuelle pour étudier les processus
écologiques dans I'exposition et I'assimilation des métaux par les poissons marins.

Enfin, les différences d’accumulation entre espéces ou individus peuvent étre le résultat de

la combinaison de ces deux facteurs environnementaux (i.e. habitat et régime alimentaire).
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Ainsi, chez deux espéces de raies électriques taxonomiquement trés proches (Torpedo
nobiliana et Torpedo marmorata) échantillonnées en mer Méditerranée, les plus fortes
concentrations en cadmium, cuivre et arsenic retrouvées chez T. marmorata sont imputées a
la composition des proies alors que les valeurs de mercure plus élevées chez T. nobiliana
seraient dues a la présence de cette especes a de plus grandes profondeurs (Barone et al.,

2013).

6. OBJECTIFS DE LA THESE

Les objectifs principaux de ce travail sont de déterminer les mécanismes écologiques et
biologiques influencant I'accumulation des métaux chez les poissons marins, afin de mieux
comprendre la variabilité des niveaux de contamination observés entre différentes especes,
mais également entre individus d’'une méme espece. En se basant sur le cas d’étude du
courant des Canaries, une approche comprenant a la fois des études in situ et des
expérimentations en milieu contrélé complémentaires a ainsi été développée dans le but de

répondre a quatre questions majeures :

(i) Les especes présentent-elles des réponses physiologiques différentes face a une

exposition métallique et quelle en est I'implication sur la bioaccumulation ?

Au vu de la diversité des mécanismes de protection déployés par les organismes marins face
aux stress environnementaux comprenant I’exposition aux métaux, on cherche par cet axe a
évaluer l'influence de ces adaptations sur les cinétiques d’accumulation et d’élimination des

métaux par les poissons.

(ii) Les métaux sont-ils séquestrés différemment selon les espéces et quel en est le

résultat sur leur détoxication et leur excrétion ?

L'objectif de ce deuxieme point est d’identifier les stratégies de séquestration des métaux

adoptées par les différentes espéces de poissons marins, et d’en tirer des interprétations sur
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leur capacité a se prévenir des dommages engendrés par la toxicité de ces éléments, ainsi

que sur leur capacité a les éliminer.

(iii) Quelle est la part du régime alimentaire dans la contamination des poissons ?

Au travers de cette question, I'objectif est de préciser quels sont les consommateurs les plus
exposés par voie trophique aux éléments métalliques, et dans un second temps d’évaluer si

le schéma constaté répond aux pressions anthropiques.

(iv) Les préférences d’habitat influent-elles sur la bioaccumulation ?

Le but est ici de déterminer si la distribution verticale (i.e. la répartition dans la colonne
d’eau) et/ou la distance a la c6te ont un impact sur les concentrations en métaux a I’échelle

spécifique et individuelle.
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Ce chapitre a pour but de détailler la démarche choisie pour étudier la bioaccumulation des
métaux chez les especes marines de poissons du courant des Canaries, afin de mieux
comprendre les parametres qui sous-tendent la variabilité interspécifique et
interindividuelle. Cette étude a été réalisée au travers de deux approches, I'une portant sur
les particularités physiologiques et I'autre sur les mécanismes écologiques régissant la
bioaccumulation. La premiére a consisté en une comparaison expérimentale des cinétiques
d’accumulation et d’élimination et de l'organotropisme (i.e. la répartition tissulaire) du
cadmium chez deux especes de poissons présentes dans le courant des Canaries.
Parallélement, I'impact de la prise en charge du métal au niveau cellulaire, via la mesure des
concentrations en métallothionéines (MT) et de la répartition subcellulaire du Cd, quant aux
capacités d’élimination et de détoxication a été mesuré. La deuxieme s’est traduite par
I’'analyse couplée des concentrations métalliques et de différents paramétres permettant de
retracer I’habitat et le régime alimentaire des individus, que sont les rapports isotopiques du
carbone et de I'azote ainsi que la composition en acides gras des lipides de réserve. Ces deux
approches (expérimentale et in situ) ainsi que les différentes techniques analytiques utilisées

sont détaillées dans les deux sections suivantes.

1. APPROCHE EXPERIMENTALE

Les parametres écologiques ne suffisent pas toujours a expliquer les différences
d’accumulation des métaux par les différentes espéces de poissons marins, puisque des
espéces partageant le méme habitat (Bank et al., 2007; Barhoumi et al., 2009; Siscar et al.,
2013) ou partageant la méme niche trophique (Bodin et al., 2017; Kiszka et al., 2015)
peuvent présenter des concentrations métalliques contrastées. Les études expérimentales
se révelent alors cruciales car elles permettent de s’affranchir de la variabilité des conditions
environnementales et de mettre ainsi en évidence I'implication de mécanismes uniquement
relatifs a la biologie et la physiologie des espéeces. Selon cette démarche, deux études
expérimentales ont été menées au Centre de documentation, de recherche et

d’expérimentations sur les pollutions accidentelles des eaux (CEDRE), dans le but de
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comparer les réponses de deux espéces présentes dans le CCLME et aux caractéristiques

écologiques contrastées, face aux mémes conditions d’exposition au Cd.

Le bar européen

Figure 6 Le bar européen Dicentrarchus labrax.

Le bar européen Dicentrarchus labrax (Linné, 1758) est un poisson démersal de la famille des
Moronidés (Figure 6), dont I'aire de répartition s’étend dans I’Atlantique Nord-Est de 60° N
(Sud de la Norvege) a 30° N (co6tes du Maroc et archipel des Canaries). Il est présent en mer
d’Irlande, mer du Nord et mer Baltique, et il colonise toute la mer Méditerranée ainsi que la
mer Noire. A I'age adulte, la taille moyenne du bar est de 50 cm, mais il peut atteindre 1 m
pour plus de 12 kg et vivre jusqu’a une trentaine d’années. Le bar est un poisson cétier,
fréguent notamment le long des cotes rocheuses. Il peut étre trouvé jusqu’a une centaine de
metres de fond, et jusqu’a environ 80 km des cotes. C'est un poisson euryhalin, c’est a dire
capable de supporter de grandes variations de salinité, pouvant ainsi étre observé dans des
baies et des estuaires. Le bar est un prédateur carnassier, les stades les plus jeunes se
nourrissant essentiellement de mysidacés, d’amphipodes, de copépodes, et de larves de
décapodes et de cirripédes. Le régime alimentaire des bars adultes est également diversifié,
mais il est cependant dominé par les crustacés décapodes brachyoures, les poissons et les
céphalopodes (Ldpez et al., 2015). Le bar est un prédateur vorace qui peut ingérer des proies
de grande taille. Il chasse aussi bien de jour que de nuit, sur le fond ou entre deux eaux.

Malgré sa sensibilité vis-a-vis de I'exposition au Cd, causant entre autres stress oxydant,
altérations cellulaires, troubles du métabolisme énergétique, et inhibition des
comportements naturels (Cattani et al., 1996; Faucher et al., 2008; Giari et al., 2007; Roméo

et al., 2000), le bar est connu pour répondre a la contamination via la synthése de novo de
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MT, lui permettant de réduire la toxicité du Cd assimilé (Cattani et al., 1996; Jebali et al.,
2008a). En milieu naturel, de fortes corrélations ont ainsi été observées chez cette espece
entre concentrations en MT et en Cd dans le foie (Fernandes et al.,, 2007), suggérant
I'induction de la synthése de MT par le métal et/ou une plus forte accumulation de ce

dernier liée a I’'abondance des MT.

La sole sénégalaise

Figure7 La sole sénégalaise Solea senegalensis.

La sole sénégalaise Solea senegalensis (Kaup, 1858) est un poisson plat de la famille des
Soléidés (Figure 7), présent dans I’Atlantique Centre Est depuis le Golfe de Gascogne (47°N)
jusqu’au Sénégal (14°N), et dans une moindre mesure dans la partie occidentale de la
Méditerranée. Sa taille moyenne est de 45 cm mais elle peut atteindre 60 cm. Tout comme
le bar, cette espéce affectionne les fonds cotiers jusqu’a 100 m de profondeur et se retrouve
eu milieu saumatre. C’'est une espece benthique vivant dans les fonds sableux ou vaseux et
se nourrissant d’invertébrés benthiques comme des annélides polychétes, des mollusques
bivalves et des petits crustacés (Teixeira et Cabral, 2010).

La sole est également sensible a la toxicité du Cd, qui provoque entre autres un stress
oxydant et des altérations cellulaires (Costa et al., 2012; Oliva et al., 2012) et est capable de
limiter cette toxicité par l'intervention de défenses antioxydantes et l'induction de la
synthése de MT (Fonseca et al., 2011; Siscar et al., 2013). La capacité de synthese de MT
chez la sole semble toutefois différer d’autres especes comme la daurade royale S. aurata,
conduisant a une plus faible accumulation du Cd mais également a une plus forte sensibilité

face a la toxicité du métal (Kalman et al., 2010).
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Choix des espéces

Ces deux espéces ont été retenues car elles présentent des caractéristiques écologiques
communes (i.e. méme zone géographique et profondeur d’évolution) mais des habitats (i.e.
démersal pour le bar versus benthique pour la sole) et régimes alimentaires (poissons et
invertébrés vs invertébrés) distincts. De par ces divergences écologiques, leur éloignement
taxonomique et leur différence de comportement (espéce vagile pour le bar vs sédentaire
pour la sole), des réponses contrastées sont attendues en termes de synthese de MT et de
stratégies de séquestrations, comme suggéré par des observations in situ sur les défenses
antioxydantes (Fonseca et al., 2011), menant potentiellement a des différences de
bioaccumulation du Cd. Elles sont toutes les deux présentes dans I'écosysteme du courant
des Canaries, jusqu’au sud de Maroc pour le bar et jusqu’au sud du Sénégal pour la sole. Par
ailleurs, leur approvisionnement est possible dans des classes de taille similaires a partir de
fermes aquacoles (i.e. Aquastream dans le Morbihan pour le bar et la Ferme Marine de

I’Adour dans le pays basque pour la sole).

Protocole expérimental

Le choix de I'élément métallique étudié s’est porté sur le Cd, du fait de son abondance dans
I’écosystéme marin du courant des Canaries, liée aux rejets anthropiques et a I'activité de
"'upwelling. Il est de plus un des éléments ciblés pas le programme ANR EPURE dans lequel
s'inclue ce travail de thése. Une contamination chronique par voie trophique et a des
concentrations retrouvées dans des proies potentielles différentes (i.e. 3,5 ppm pour la
premiere et 22,9 ppm pour la deuxiéme), telles que des bivalves ou des polychéetes du
courant des Canaries (Bodin et al., 2013; Maanan, 2008; Rouhi et al., 2007) a été retenue,
pour s’approcher au mieux de la réalité environnementale.

Les especes ont chacune été séparées en deux conditions : 'une « témoin » ou les poissons
ont été nourris avec un granulé commercial, et I'autre « contaminée » ou les individus ont
recu un granulé enrichi en Cd. Les poissons contaminés ont d’abord été exposés au Cd
pendant 2 mois avant d’étre nourris de la méme facon que les témoins pendant 1 mois
(exposition a 3,5 ppm) ou 2 mois (exposition a 22,9 ppm). Des échantillonnages ont été
effectués a intervalle de temps régulier (voir Figure 8). A chaque échantillonnage, trois
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individus par bassin, soit neuf poissons par condition ont été échantillonnés. Le foie, le
muscle dorsal (découpe standardisée par tous les individus) et la vésicule biliaire ont été
prélevés avec des outils en céramique pour éviter toute contamination métallique. Le foie a
été prélevé comme organe d’accumulation primaire. Il a été préféré a d’autres en raison de
son fort potentiel de stockage chez ces especes. Il a par exemple été montré qu’il pouvait
contenir dix fois plus de Cd que le rein chez la sole sénégalaise (Siscar et al., 2014). Le muscle
a quant a lui été prélevé comme organe d’accumulation secondaire et la vésicule biliaire
comme vecteur d’élimination. En effet, de nombreuses études ont montré chez différentes
espéces de poissons que la bile constituait une voie d’excrétion des métaux a partir du foie,
vers l'intestin et le milieu externe (Chowdhury et al., 2004, 2003, Hauser-Dauvis et al., 2012a,
2014a, 2016). Différentes mesures biométriques ont également été effectuées sur le corps
et le foie de chaque individu prélevé afin de mettre en évidence un éventuel impact du Cd

sur la croissance.
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Figure 8 Schéma du dispositif expérimental impliquant 2 espéces (bar et sole) et deux conditions
(témoins et contaminés). Chaque bassin contient 50 individus pour le bar et 40 pour la sole afin
de respecter des densités similaires. Deux études ont été menées, la premiere impliquant une
exposition a 3,5 ppm de cadmium, I’autre a 22,9 ppm.
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Dosage des métallothionéines

Parmi les divers mécanismes physiologiques permettant de lutter contre la toxicité des
métaux, les métallothionéines (MT), des protéines cytosoliques de faible poids moléculaires
(environ 6 kDa chez les poissons) et impliquées dans la séquestration des métaux, sont
ubiquistes dans le regne animal (Adam et al., 2010). Une de leur principale caractéristique
est la présence d’un grand nombre de groupements thiols auxquels les métaux présentent
une forte affinité, faisant de ces protéines d’'importants sites de fixation pour les éléments
métalliques. Ceci leur confere un réle primordial dans la régulation homéostasique des
métaux essentiels tels que le cuivre et le zinc mais également un réle secondaire de
séquestration des métaux toxiques tels que le cadmium et le mercure. Cette capacité de
séquestration limite ainsi l'interaction des ions métalliques avec d’autres biomolécules
cellulaires et prévient des atteintes toxiques associées aux formes ioniques libres qui
induisent la plus forte cytotoxicité.

La synthése de MT peut étre induite par une exposition métallique (Cheung et al., 2004
George et al., 1996) ce qui conduit a leur utilisation courante en tant que marqueur de
contamination chez les poissons marins (Hauser-Davis et al.,, 2012b). Toutefois, cette
biosynthese peut également étre influencée par de nombreux facteurs environnementaux et
endogenes relatifs a la saison, le sexe et I'état de maturation des poissons (Hylland et al.,
1998) et également ne pas correspondre aux niveaux de contamination. Chez les espéeces
considérées au cours de ces travaux, il a par exemple été montré que les concentrations
hépatiques en MT chez la sole sénégalaise variaient suivant la température en expérimental
(Siscar et al., 2014), et qu’elles ne correspondaient pas au gradient d’exposition au mercure
chez le bar in situ (Mieiro et al., 2011). Les métallothionéines semblent cependant provoquer
une plus grande accumulation des métaux a I’échelle du corps entier chez d’autres espéces
de poissons (Long et Wang, 2005a, 2005b), ainsi qu’a I’échelle cellulaire comme montré sur
des hépatocytes isolés de rat (Stacey et Klaassen, 1980). De plus, plusieurs études in situ ont
montré une forte corrélation entre concentrations en MT et en Cd, notamment chez le bar
européen avec un coefficient de corrélation de 0,99 (Fernandes et al., 2008, 2007),

suggérant I'implication des MT dans la variabilité observée en termes de bioaccumulation.
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L’hypothése selon laquelle les MT augmenteraient I'accumulation du Cd n’a pourtant que
peu été explorée chez les poissons marins (Long et Wang, 2005a, 2005b).

Dans le cadre de ces travaux de these, il est donc apparu pertinent de mesurer la réponse de
nos deux différentes especes concernant la biosynthése et |'utilisation de ces protéines face
a I'exposition au Cd. L’éventuel déclenchement de la synthese de novo des MT ainsi que leur
role potentiel dans les cinétiques d’accumulation du Cd ont donc été étudiés par la mesure
des concentrations en MT obtenue par spectrophotométrie dans le foie des poissons, afin de
répondre a la problématique (i) qui concerne le lien entre réponses physiologiques et

bioaccumulation.

Répartition du cadmium entre organes et au sein des cellules

La répartition d’'un métal entre les organes d’un individu (i.e. I'organotropisme) dépend tout
d’abord de la voie d’exposition (directe versus trophique) (Chowdhury et al., 2005). Apres
exposition par voie trophique, la répartition métallique chez les poissons marins sera
souvent observée dans cet ordre : intestin > foie = reins > branchies > muscle (Berntssen et
al.,, 2001; Kim et al, 2006). L'organotropisme va cependant également refléter les
différentes stratégies de stockage ou d’élimination mises en place par les espéces. Ainsi, il a
été montré que I'anguille européenne et la truite arc-en-ciel Oncorhynchus mykiss exposées
a l'argent ne présentent pas le méme organotropisme, résultant en différentes capacités
d’élimination (Hogstrand et al.,, 2003). Alors que l'argent est remobilisé des différents
organes tels que les reins vers le foie pour y étre accumulé chez la truite, I'anguille montre
une élimination du métal par excrétion biliaire et via les branchies. Ces différents schémas
de répartition entre organes résultent en une élimination de la moitié du métal a I’échelle du
corps entier chez I'anguille, alors que la quantité totale de métal n’évolue pas chez la truite
apres 67 jours de dépuration.

Récemment, certaines études se sont penchées sur la capacité des poissons a réguler la
toxicité des métaux en fonction de leur répartition subcellulaire, et ont de nouveau mis en
évidence des différences entre espéces (Eyckmans et al., 2012; Leonard et al., 2014). L'étude
d’Eyckman et al. s’est focalisé sur I’laccumulation, I'organotropisme et la répartition cellulaire

du cuivre chez trois espéeces d’eau douce : la truite arc-en-ciel, la carpe commune Cyprinus
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carpio et le carassin argenté Carassius gibelio. Les deux espéces montrant le facteur
d’accumulation le plus fort dans le foie (la truite et le carassin) a la fin d’'une période
d’exposition d’'un mois, présentent également I'augmentation la plus forte de Ila
concentration en Cu dans la fraction contenant les MT. Sans que les auteurs n’interpretent
ce résultat, ces observations suggérent que la répartition subcellulaire du métal, et
notamment son association aux MT, conditionne son accumulation a I'échelle de I'organe
entier. En revanche, tres peu d’études ont cherché a mettre en lien la distribution cellulaire
des métaux avec leurs cinétiques d’accumulation et d’élimination. (Wallace et al., 2003) ont
exposé deux bivalves Macoma balthica et Potamocorbula amurensis a du Cd et du zinc
pendant 14 jours, et n‘ont pas observé de diminution de la quantité de métal lié¢ aux MT
durant 21 jours de dépuration, laissant a penser que les MT ne seraient pas impliquées dans
I'excrétion des métaux. Toutefois, plusieurs études ont constaté la présence de métaux
complexés a des MT dans la bile de poissons au cours d’expositions expérimentales,
indiquant que ces protéines constituent bien un vecteur d’élimination des métaux via
I’excrétion biliaire (Hauser-Davis et al., 20144, 2016).

Afin de mieux comprendre le réle de ces mécanismes (i.e. organotropisme et répartition
subcellulaire) chez nos deux espéces, les concentrations en Cd ont été mesurées par ICP-MS
apres minéralisation des échantillons, dans les tissus entiers (foie, muscle, bile) mais
également dans différentes fractions subcellulaires (foie), obtenues suivant généralement le
protocole de (Rosabal et al., 2015), lui-méme adapté de celui de (Wallace et al., 2003). Selon
ce protocole, un échantillon de foie est broyé puis séparé en différentes fractions apres
centrifugations successives résultant a chaque étape en I'obtention de surnageants (S) et de
culots (C) (voir Figure 9). Six fractions majeurs ont ainsi été étudiées : la membrane cellulaire
(débris cellulaires) ; les granules riches en métaux (metal-rich granules: MRG); les
mitochondries ; le systeme endomembranaire regroupant le réticulum endoplasmique,
I'appareil de Golgi et diverses vésicules (organites) ; des protéines cytosoliques stables a la
chaleur telles que les métallothionéines (heat-stable proteins : HSP) et d’autres dénaturées a
la chaleur comptant de nombreuses enzymes (heat-denaturated proteins).

D’autre part, alors que I'accumulation du Cd est connue pour interférer avec d’autres
métaux essentiels tels que le zinc et ainsi conduire a un déréglement de I’homéostasie

(Moulis, 2010), ces éléments essentiels conférent une protection face a la toxicité du Cd de
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par leur propriétés antioxydantes (Martinez-Alvarez et al., 2005; Talas et al., 2008). Les
concentrations en 7 métaux essentiels (Ca, Cu, Fe, Mg, Mn, Se et Zn) ont donc également été
mesurées pour prédire la sensibilité de nos deux espéces suite a I’exposition au Cd.

Ces différentes analyses sur la répartition subcellulaire des métaux avaient pour objectif de
répondre a la problématique concernant les différentes stratégies de séquestration des

métaux et I'impact sur leur détoxication et leur excrétion (ii).

Homogénat de foie

1450 x g, 4°C, 15 min

|

+500pL d’eau mq, 100°C, 2 min
+ 500uL NaOH (1IN), 65°C, 1 h 10000x g, 4°C, 30 min
10000 x g, 10°C, 10 min

| £
Débris

cellulaires
S2

100000 x g, 4°C, 30 min

80°C, 10 min
4°C,1h
50000x g, 10°C, 10 min

Figure 9 Protocole de séparation des différentes fractions subcellulaires appliqué au foie de D.
labrax et S. senegalensis. MRG : granules riches en métaux ; HSP : protéines stables a la chaleur
incluant les métallothionéines ; HDP : protéines dénaturées a la chaleur. Adapté de (Rosabal et
al., 2015).
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2. APPROCHE EN MILIEU NATUREL

Echantillonnage

Un échantillonnage de 137 poissons appartenant a 23 espéeces différentes a été réalisé le
long du littoral sénégalais au cours d’'une campagne océanographique du projet AWA
« Approche écosystémique de la gestion des péches et de I'environnement marin dans les
eaux ouest-africaines », en mars 2014 a bord du navire océanographique « Thalassa ». Les
poissons ont été capturés au chalut de fond a 5 stations de prélevements allant de I'extréme
nord (Saint-Louis) a I'extréme sud du pays (Casamance) afin d’obtenir différentes conditions
environnementales (voir Figure 10). Les espéces ont été sélectionnées de facon a couvrir un
large panel de caractéristiques écologiques et présentent des habitats et régimes
alimentaires trés divers, avec des niveaux trophiques allant de 3 a 4,5 selon fishbase (Froese
et Pauly, 2017) (voir Tableau 3).

Apreés avoir été congelés a bord, les poissons ont été apportés au Laboratoire des Sciences
de I'Environnement Marin (LEMAR). Le foie et un échantillon de muscle dorsal (découpe
standardisée pour tous les individus) ont été prélevés avec des outils en céramique pour
éviter toute contamination métallique. La moitié du foie et I'’échantillon de muscle ont été
lyophilisés en vue de I'analyse des métaux. Les échantillons de muscle ont été pesés avant et
apres lyophilisation afin de pouvoir calculer la concentration en métaux par poids frais
d’échantillon. L'autre moitié de foie a été broyée manuellement dans une solution de

chloroforme/méthanol en vue de I'analyse des acides gras.
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Figure10o Carte des sites de prélévements au cours de la campagne océanographique AWA en
mars 2014.

36




Station Espece n [ NT | Habitat horizontal | Habitat vertical | Profondeur (m)
Brotula barbata 4 | 3,8 Océanique Démersal 33-37
Merluccius senegalensis 5 14,5 Océanique Démersal 33-37
Saint Louis Pterothrissus belloci 5 3 Océanique Démersal 33-37
Trichiurus lepturus 514,5 Océanique Benthopélagique 33-37
Zeus faber 5 14,5 Océanique Benthopélagique 33-37
Grande co6te Trachurus trecae 5135 Cotier Benthopélagique 30-40
Boops boops 5 3 Cotier Démersal 66-81
Caranx rhonchus 4 13,6 Cotier Benthopélagique 66-81
Dakar Diplodus bellottii 5135 Cotier Démersal 22-23
Pseudupeneus prayensis 5132 Cotier Démersal 22-23
Scomber japonicus 5134 Océanique Pélagique 66-81
Trachurus trecae 5135 Cotier Benthopélagique 22-23
Chaetodon hoefleri 5135 Cotier Démersal 49-81
Chelidonichthys gabonensis 5 13,6 Cotier Démersal 49-81
Dentex canariensis 51| 3,6 Cotier Démersal 49-81
Dicologoglossa hexophthalma | 5 | 3,4 Cotier Démersal 49-81
Saloum Plectorhinchus mediterraneus | 5 | 3,5 Cotier Démersal 49-81
Pseudupeneus prayensis 5132 Cotier Démersal 49-81
Sphoeroides spengleri 4 13,2 Cotier Démersal 49-81
Trachurus trecae 5135 Cotier Benthopélagique 49-81
Umbrina canariensis 5134 Océanique Démersal 49-81
Brachydeuterus auritus 5 3 Cotier Benthopélagique 14-15
Caranx rhonchus 5 13,6 Cotier Benthopélagique 14-15
Chloroscombrus chrysurus 10| 3,5 Cotier Pélagique 17-18
Casamance . ars .
Galeoides decadactylus 5136 Cotier Démersal 14-15
Selene dorsalis 5141 Cotier Démersal 14-15
Sphyraena guachancho 4,4 Cotier Pélagique 14-15

Tableau 3 Caractéristiques écologiques et sites de prélevement des espéces étudiées. n =
nombre d’individus ; NT = niveau trophique ; Stations = A : Saint-Louis, B : Grande-Cote, C : Hann,
D : Saloum, E : Casamance ; P = nature des proies (1: détritus + phytoplancton ; 2 : zooplancton +

invertébrés ; 3 : invertébrés ; 4 : invertébrés + poissons ; 5 : poissons).
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Analyse des métaux

Lors d’'une contamination par voie trophique, le foie est le premier organe que les métaux
rencontrent aprés leur passage a travers la barriére intestinale, faisant de lui un des
principaux organes d’accumulation chez les vertébrés, y compris chez les poissons
(Berntssen et al., 2001; Kim et al., 2006). Un ensemble de 13 éléments métalliques (i.e. As,
Cd, Co, Cr, Cu, Fe, Li, Mn, Ni, Pb, Sn, U, et Zn) choisis pour leur présence rapportée dans
I’environnement et les organismes marins de la cOte sénégalaise (Bodin et al., 2013; Diop et
al., 2015, 2016a) ont ainsi été mesurés par spectrométrie de masse avec plasma a couplage
inductif (ICP-MS) dans cet organe. Deux stations ont été sélectionnées pour cette analyse
(Dakar et Casamance) de par le fort contraste en termes de pression anthropique. Ces
analyses avaient pour but de comparer les teneurs en métaux dans le foie au régime
alimentaire des poissons estimé a partir des profils en acides gras et isotopes stables afin de
répondre au questionnement (iii), sur l'influence de la composition des proies dans la
contamination des poissons.

Contrairement aux autres éléments métalliques, le mercure s’accumule en grande quantité
dans le muscle des poissons, ou il est en général présent a plus 95 % sous forme de
méthylmercure (Bloom, 1992). Il a donc été dosé par spectrophotométrie d’absorption
atomique (AAS) dans le muscle de I'ensemble des poissons échantillonnés, toutes stations
confondues. Méme si les différents métaux peuvent se comporter différemment dans
I’environnement ou au sein des organismes, le mercure a été sélectionné comme exemple
pour répondre au questionnement (iv), en étant comparé aux compositions en isotopes

stables, afin d’évaluer I'implication de I’habitat dans I’exposition aux métaux.

Analyse des isotopes stables du carbone et de ’azote

Les isotopes sont des atomes d’'un méme élément qui comptent le méme nombre de
protons mais un nombre de neutrons différent, leur conférant des masses atomiques et des
propriétés physicochimiques différentes. On distingue les isotopes radioactifs, qui ont la
particularité de se désintégrer au cours du temps en éléments plus légers (c.a.d. comptant

moins de neutrons), des isotopes stables qui conservent la méme forme au cours du temps.
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En écologie trophique, les isotopes stables du carbone et de l'azote sont les plus
couramment utilisés, basé sur le fait que la composition isotopique et donc le rapport entre
I'abondance d’un isotope lourd sur un léger (e.g. °N/*N) de ces atomes varie de maniére
relativement prédictible entre les organismes tout au long de la chaine trophique. En effet,
durant les réactions chimiques métaboliques, les isotopes légers sont utilisés plus
rapidement, induisant un déséquilibre des rapports isotopiques et une accumulation des
isotopes lourds a chaque niveau trophique. Cette augmentation de la teneur en isotopes
lourds a chaque niveau trophique est appelée fractionnement trophique (Fry, 2007, 1988).
Les rapports isotopiques utilisés en écologie sont exprimés en unité & (%o) et comparés aux
rapports définis par des standards internationaux. Le standard utilisé pour le carbone est
une roche fossile du Carbonifére, le Pee Dee Belemnite, alors que celui utilisé pour I'azote
correspond a |'azote atmosphérique. Le rapport isotopique d’un échantillon est calculé par la

formule suivante :

8N ou *3C = [(Rechantiion/ Rstandard) 1] X 1000 avec R = °N/*N ou **C/*2C respectivement

Les différents producteurs primaires présentent des rapports isotopiques caractéristiques,
liés aux différentes sources de carbone et d’azote et/ou voies métaboliques utilisées lors de
la photosynthese, permettant de les distinguer au sein d’un écosystéme (Fry et Sherr, 1989).
De plus, le fractionnement isotopique entre une source et son consommateur est bien établi
et correspond a une augmentation du §'3C d’environ 1 %o et du 8"°N d’environ 2,5 %o (entre
un producteur primaire et un consommateur primaire) ou 3,4 %o (entre un producteur

primaire et un prédateur) (Zanden et Rasmussen, 2001) (Figure 11).
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Figure1 Fractionnement trophique du carbone et de I'azote dans deux chaines alimentaires
supportées par différents producteurs primaires (en vert: phytoplancton océanique versus
macroalgues cétiéres). En bleu: les consommateurs primaires, en jaune : les consommateurs
secondaires (prédateur de niveau 1), en rouge: un prédateur de niveau Il. Les rapports
isotopiques du carbone (8°C) sont représentés en abscisse, ceux de I’azote (6°N) en ordonnée.

Les valeurs de §"C permettent également de retracer la zone d’alimentation et/ou I'habitat
des consommateurs. En effet, la signature des producteurs primaires différe spatialement :
un faible 6°C indiquera I'appartenance a un réseau trophique basé sur du phytoplancton et
donc une affinité océanique ou/et pélagique, alors qu’un fort 83C traduira I'appartenance a
une chaine alimentaire supportée par des macroalgues et une affinité coétieére et/ou
démersale. Les valeurs de 8"°N sont quant a elles d’avantage utilisées comme marqueurs de
la position trophique relative, ou absolue aprés retranchement de la ligne de base de

I'écosystéme (i.e. le 6"°N des producteurs primaires). L’association des isotopes stables du
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carbone et de I'azote fournit donc une information en plusieurs dimension sur I'écologie
trophique des organismes d’intérét qui aboutit a la notion de niche trophique, ou encore
niche isotopique.

A l'instar de nombreuses autres études sur la contamination métallique des poissons marins
(Chouvelon et al., 2012a; Das et al., 2000; Domi et al., 2005), les isotopes stables ont été ici
utilisés pour déterminer le régime alimentaire des individus et les regrouper par guilde
trophique, afin de répondre au questionnement (iii) sur I'impact de la composition de la
composition des proies. Ils ont également permis d’évaluer I'influence du niveau trophique
(6"°N) et de I'habitat (6*°C) dans la contamination des individus par le mercure, dans le cadre
de I'axe (iv).

Les lipides étant appauvris en >C par rapport aux autres composés comme les protéines ou
le glycogéne (DeNiro et Epstein, 1977), leur présence dans les échantillons peut modifier les
valeurs de 6™C. Les rapports isotopiques du carbone et de I'azote ont donc été mesurés
dans le muscle, cet organe présentant un contenu en lipides plus faible que d’autres organes
tels que le foie (Njinkoué et al., 2002). D’autre part, le renouvellement du carbone et de
I’hydrogene étant plus lent dans le muscle que dans le foie (Buchheister et Latour, 2010), les
signatures isotopiques du muscle permettent une vision plus intégrée dans le temps des

conditions environnementales conduisant a I’accumulation des métaux.

Analyse de la composition en acides gras des lipides neutres

Les lipides forment un grand groupe de molécules tres hétérogénes dans leurs structures et
leurs fonctions. lls présentent un caractere physique commun : ils sont peu ou pas solubles
dans I'eau. Ce degré d’insolubilité dépend de leur polarité, paramétre qui permet également
de les différencier en deux classes, supportant deux grandes fonctions biologiques. Ainsi, les
lipides de structure (i.e. membranaires), présentant un domaine hydrophobe et une téte
hydrophile qui leur confére un caractere polaire, interviennent dans la constitution des
membranes cellulaires via la formation de bicouches lipidiques. D’autre part, les lipides de
réserve sont uniguement constitués de domaines hydrophobes les rendant plus apolaires

(i.e. neutres), et représentent une importante forme de stockage énergétique. Alors que les
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phospholipides et les stérols constituent les principales classes de lipides membranaires, les
lipides neutres comprennent quant a eux des triacylglycérols et des esters de stérols.

Les acides gras (AG) sont les constituants majoritaires des lipides. lls comportent une
structure commune comportant un groupement méthyle (CHz), suivi d’une chaine linéaire
de carbone et d’hydrogene (CH,) longue de 4 a 36 atomes de carbone, et se terminant par

un groupement carboxyle (COOH). Leur formule générale est ainsi :

CH3-(CH,),-COOH

Les acides gras sont classés en trois grands groupes, correspondant a leur degré global
d’insaturation (i.e. le nombre de doubles liaisons entre deux atomes de carbone successifs : -
HC=CH-). On distingue de la sorte les acides gras saturés ne comportant pas de doubles
liaisons, les acides gras monoinsaturés présentant une double liaison, et les acides gras
polyinsaturés comportant plusieurs doubles liaisons au sein de leur chaine hydrocarbonée.
La nomenclature des acides gras indique le nombre de carbones (n) suivi du nombre de
doubles liaisons (:x) et de la position du premier carbone portant une double liaison en
partant du carbone terminal (CHs) (i.e. n-y). Par exemple, I'acide docosahexaénoique (DHA)
est un AG « oméga 3 » a 22 carbones et 6 doubles liaisons dont la derniére est située sur le
carbone 19 (22-3), et sera donc noté 22:6n-3 ou encore 22:6w3.

Le 16:0 (acide palmitique), précurseur des autres AG, est synthétisé a partir d'Acétyl-
coenzyme A (Acetyl-CoA). Ensuite, des étapes d'élongation (i.e. ajout de 2 carbones dans les
mitochondries) et de désaturation (ajout d’'une double liaison dans le réticulum
endoplasmique) assurées par des enzymes (respectivement des élongases et des
désaturases), ainsi que des réactions de B-oxydation (dans les péroxysomes), permettent

d'obtenir les différents AG nécessaires au métabolisme (Figure 12).

42



Acetyl-CoA

N\

16:0 = 16:1n-7

18:1n-7
20:1n-7
18:3n-3 —» 18:4n-3
o A
\J N ¢
D12 D5
18:0 = 18:1n-9 -----» 18:2n-6 —» 18:3n-6 20:4n-3 —>»20:5n-3
v v v oos v
20:1n-9 20:2n-6 20:3n-6—> 20:4n-6 22:5n-3 22:6n-3
22:1n-9 24:5n-3—»24:6n-3
24:1n-9

Figure 12 Principales voies de biosynthése des acides gras chez les animaux. Les fléches
horizontales indiquent une désaturation, les fleches verticales descendantes correspondent a
une élongation, les ascendantes a une B-oxydation. Les D représentent les désaturases non (en
pointillés) ou peu (trait plein) actives chez les poissons marins. Les AG en rouge proviennent
majoritairement de sources alimentaires. Adapté de Kelly et Scheibling, 2012.

Les animaux sont capables de synthétiser de novo les AG saturés et les omégas 7 et 9, mais
incapables de produire le 18:2n-6 (acide linoléique) ni le 18:3n-3 (acide linolénique) car ils ne
possedent pas les D15 et D12-désaturases présentes chez les autotrophes (fleches rouges
sur la Figure 12). De plus, I'activité de la D5-désaturase est faible voire inexistante chez les
poissons marins (Tocher, 2003), limitant aussi la synthese d'AG poly-insaturés tels que le
20:4n-6 (acide arachidonique ; ARA), le 20:5n-3 (acide eicosapentaénoique ; EPA) et par
conséquent le 22:6n-3 (acide docosahexaénoique ; DHA). Ces AG, principalement des
omégas 3 et 6, non synthétisés par les poissons marins et pourtant indispensables au bon
fonctionnement des organismes (Arts et al.,, 2001), devront donc étre obtenus grace a
I'alimentation et sont qualifiés d’AG « essentiels ». De plus, lorsqu’un apport lipidique
suffisant est assuré par I'alimentation, la synthése de novo des AG est ralentie voire inhibée
et la majorité des AG, incluant par exemple le 18 :1n-9 (acide oléique), proviennent de
sources alimentaires. Lors du transfert trophique, l'intégrité structurelle des AG est en
général conservée, permettant de les utiliser en tant que traceurs des relations proie-

prédateur. Ainsi, il a été montré lors d’études expérimentales que les AG sont effectivement
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transmis tout au long de la chaine trophique a l'instar du transfert observé depuis des
diatomées jusqu’a des larves de morues en passant par des copépodes (St. John et Lund,
1996), et que la composition en AG des tissus refleéte celle des aliments chez diverses
especes de poissons marins (Beckmann et al., 2014, 2013; Regost et al., 2003). Enfin, comme
les producteurs primaires synthétisent des AG différents en fonction de leur groupe
taxonomique, I'utilisation de ces derniers permet d’évaluer le role respectif de différents
taxons phytoplanctoniques (p. ex. diatomées versus dinoflagellés), macroalgues et bactéries
dans la structure de base des réseaux trophiques (Dalsgaard et al., 2003; Kelly et Scheibling,
2012). Les AG ont ainsi permis au cours de plusieurs études de déterminer les ressources
trophiques de différentes espéces de poissons au sein d’'une communauté marine (Budge et
al., 2002; Pethybridge et al., 2011, 2010; Stowasser et al., 2012).

La composition en acides gras a été analysée dans les lipides neutres du foie. Cet organe a
été choisi car il est connu pour refléter plus rapidement la composition en AG de
I'alimentation que le muscle (Beckmann et al., 2014; Regost et al., 2003). Les lipides neutres
ont été sélectionnés car ils sont moins soumis aux régulations métaboliques et se
rapprochent donc plus de la composition des proies que les lipides polaires (Koussoroplis et
al., 2010). L’analyse des compositions en AG des lipides neutres ont permis, en complément
des isotopes stables, de classer les individus en fonction de leur groupe trophique et
d’évaluer ainsi la contribution des différents types de proies dans I'exposition trophique aux

éléments métalliques, afin de répondre a la problématique (iii).
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Chapitre 1

ROle des meétallothionéines dans les
différentes cinétiques d'accumulation du
cadmium chez deux especes de
DOISSONS Marins

Gaél Le Croizier, Stéphane Le Floch, Camille Lacroix, Jean Raffray, Sébastien
Artigaud, Virginie Penicaud, Valérie Coquillé, Julien Autier, Marie-Laure Rouget,
Nicolas Le Bayon, Raymond Laé, Luis Tito De Morais.

Soumis a Environmental pollution.
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1. RESUME

Face a I'exposition aux métaux, les différentes especes de poissons marins présentent des
réponses physiologiques contrastées (Fonseca et al., 2011). Parmi ces adaptations, I'un des
mécanismes les mieux décrits consiste en l'induction de la synthése de protéines, les
métallothionéines (MT), impliquées dans la séquestration des ions divalents et participants a
réduire la toxicité d’éléments tels que le cadmium (Cd). Cette induction conduit a
I'observation fréquente d’une corrélation positive entre concentrations en MT et en métaux
chez les organismes marins et notamment les poissons (Fernandes et al., 2008, 2007).
Récemment, certaines études se sont intéressées a la relation entre les niveaux de MT et les
constantes régissant la bioaccumulation des métaux chez les poissons marins (Long et Wang,
2005a, 2005b). Ces auteurs ont montré une augmentation de I'accumulation accompagnée
d’une inhibition de I'élimination du Cd lorsque les concentrations en MT augmentent a
I’échelle de I'organisme entier. Il est cependant difficile de se prononcer quant au sens
d’interaction entre concentrations en MT et en métaux, ces deux parametres pouvant
potentiellement agir I'un sur l'autre. D’autre part, l'utilisation des MT en tant que
biomarqueur de contamination métallique est sujette a controverse, de par la réponse de
ces protéines a d’autres facteurs environnementaux et endogénes tels que la température,
le sexe et I'état de maturation des poissons (Hylland et al., 1998; R. Siscar et al., 2014).

Dans le but d’évaluer la réponse de deux especes présentes au sein du courant des Canaries
et montrant des caractéristiques écologiques et physiologiques contrastées, des juvéniles de
bar européen Dicentrarchus labrax et de sole sénégalaise Solea senegalensis ont été exposés
par voie trophique a deux doses de cadmium (3,5 et 22,9 ppm de poids sec) reflétant les
concentrations retrouvées dans des proies potentielles de ces espéces en milieu naturel
(Bodin et al., 2013; Maanan, 2008; Rouhi et al., 2007). Une exposition chronique de 2 mois
par voie trophique a été retenue pour correspondre au mieux a la réalité environnementale
(Creighton et Twining, 2010a; Mathews et Fisher, 2009a) et s’est suivie d’une phase de
dépuration. Les cinétiques d’accumulation et d’élimination du Cd ont été déterminées dans
le foie en tant qu’organe d’accumulation primaire, dans le muscle comme organe

d’accumulation secondaire et dans la bile, ce dernier compartiment constituant une voie
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d’élimination. Les concentrations en MT ont également été mesurées dans le foie, afin
d’évaluer une potentielle induction de leur synthése, ainsi que leur implication sur la
dynamique du Cd entre les différents organes et les conséquences a I’échelle de I'individu.
Les résultats obtenus ont permis de montrer une accumulation plus rapide dans le foie du
bar comparé a la sole. A partir du foie, le Cd est transporté jusqu’au muscle plus rapidement
et en plus grande proportion chez le bar. Enfin, I'excrétion biliaire du métal est également
plus importante chez cette espéce en proportion de la quantité de Cd dans le foie.
Concernant les MT, I'exposition au Cd n’a globalement pas entrainé de synthése de novo de
ces protéines chez ces deux especes. Toutefois, les concentrations basales en MT sont
supérieures chez le bar, quelle que soit la condition expérimentale.

Cette étude démontre tout d’abord les limites de [l'utilisation des MT en tant que
biomarqueur de contamination métallique. Ensuite, elle met en évidence les différences
spécifiques de concentrations en MT et leur role probable dans I'assimilation et I'excrétion
biliaire du Cd, conduisant a la variabilité d’accumulation interspécifique observée in situ.
Enfin, il semblerait que I'accumulation du Cd dans le muscle dépende de la sollicitation de ce
dernier, conduisant aux fortes concentrations en Cd observées chez les espéces a I'activité

de nage permanente (Araujo et Cedefio-Macias, 2016; Kojadinovic et al., 2007).
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Abstract

Impacted marine environments lead to metal accumulation in edible marine fish, ultimately
impairing human health. Nevertheless, metal accumulation is highly variable among marine
fish species. In addition to ecological features, bioaccumulation differences can be attributed
to species-related physiological processes, which were investigated in two marine fish
present in the Canary Current Large Marine Ecosystem (CCLME), where natural and
anthropogenic metal exposure occurs. The European sea bass Dicentrarchus labrax and
Senegalese sole Solea senegalensis were exposed for two months to two environmentally
realistic dietary cadmium (Cd) doses before a depuration period. Organotropism (i.e., Cd
repartition between organs) was studied in two storage compartments (the liver and
muscle) and in an excretion vector (bile). To better understand the importance of
physiological factors, the significance of hepatic metallothionein (MT) concentrations in
accumulation and elimination kinetics in the two species was explored. Accumulation was
faster in the sea bass muscle and liver, as inferred by earlier Cd increase and a higher uptake
rate. The elimination efficiency was also higher in the sea bass liver compared to sole, as
highlighted by greater biliary excretion. In the liver, no induction of MT synthesis was
attributed to metal exposure, challenging the relevance of MT use as a biomarker of
contamination. However, the basal MT pools were always greater in the liver of sea bass
than in sole. This species-specific characteristic might have enhanced Cd biliary elimination
and relocation to other organs like muscle through the formation of more Cd/MT complexes.
Thus, MT basal concentrations seem to play a key role in the variability observed in terms of

metal concentrations in marine fish species.

Keywords cadmium, trace element, Dicentrarchus labrax, Solea senegalensis, chronic

dietary exposure
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Highlights

- Environmentally realistic trophic Cd doses led to accumulation in edible marine fish
- Faster accumulation occurred in sea bass liver compared to sole

- Muscular Cd accumulation was higher in sea bass due to its swimming behaviour

- MT concentrations failed to reflect Cd exposure in both species

- Species-specific basal MT pools seemed to influence Cd uptake and biliary excretion
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Introduction

Contamination by heavy metals is a major problem that marine ecosystems have to face
because they can be toxic even at very low concentrations. These inorganic elements are
produced from natural processes, such as volcanic eruptions and natural crust erosion, but
they can also result from anthropogenic inputs. This is the case for cadmium (Cd), which is a
common by-product of the mining industry and can be released at high amounts into the
marine environment in some regions (World Health Organization, 2010). More precisely, it is
estimated that one-third of the unintentional release of Cd is from the production and use of
phosphate fertilizers (McGeer et al., 2011). Coastal regions in West Africa, which belong to
the Canary Current Large Marine Ecosystem (CCLME), are therefore particularly subjected to
Cd residue due to the direct release of phosphogypsum into water by the phosphate
industry (Gaudry et al., 2007). In addition to natural enrichment due to hydrodynamic
processes, such as upwelling, this important source of dissolved Cd (e.g., estimated at 240 t
Cd-yr! off the coast of Morocco) leads to strong uptake by phytoplankton communities in
this region (Auger et al., 2015). Along with this direct accumulation by phytoplankton,
bioaccumulation at higher trophic levels, such as fish, mainly occurs through dietary
pathways (Mathews and Fisher, 2009; Creighton and Twining, 2010) and can lead to

significant accumulation in the organs of fish from this region (El Morhit et al., 2013).

Among the different fish species, great variability in terms of metal accumulation is
observed, resulting from different habitat occupation (Goutte et al., 2015) and/or different
feeding habits (Le Croizier et al., 2016; Metian et al., 2013). This variability has also been
observed between the CCLME species in different countries, such as Morocco (Chahid et al.,
2014), Mauritania (Roméo et al., 1999; Sidoumou et al., 2005) or Senegal (Diop et al., 2016;
Diop and Amara, 2016). However, these parameters may not be sufficient to explain the
observed variability since species from the same habitat (Barhoumi et al., 2009; Siscar et al.,
2013), or those that share the same trophic niche (Kiszka et al., 2015), can also present
different amounts of accumulated metals. Therefore, there is a need to conduct
experimental studies to free bioaccumulation measurements from ecological parameters.
Under experimental conditions, accumulation may vary under environmental parameters,

such as the food composition (Wang et al., 2012), temperature and salinity of water (Guinot
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et al., 2012; Zhang and Wang, 2007a) and duration and concentration of metal exposure
(Berntssen et al.,, 2001; Long and Wang, 2005b), making comparisons between species
difficult from one study to another. Relatively few authors have investigated the metal
accumulation of different marine fish species exposed the same conditions. It was however
shown that the interspecific variability that was observed in situ also occurred in controlled

conditions (Jeffree et al., 2006; Kalman et al., 2010; Mathews et al., 2008).

Metals can take several months to accumulate, which implies the necessity of studying
bioaccumulation over several months. Moreover, the metal concentration will vary
depending on the organ considered. Following dietary exposure, the Cd concentration in fish
will generally follow this repartition: intestine > liver = kidney > gills > muscle (Berntssen et
al., 2001; Kim et al., 2006). Once ingested, Cd uptake occurs in intestinal tissue through
membrane transporters, via channels for calcium or essential metals. Dietary accumulation
thus first takes place in the digestive tract. After reaching the liver, Cd is released into
general blood circulation and finally attains secondary accumulation in organs, such as
muscle. In fish, Cd is known to have a long biological half-life (e.g., more than a year in the
liver and kidney in rainbow trout; Haux and Larsson, 1984), reflecting the poor efficiency of
excretion pathways. Internal Cd depuration mainly occurs through urine production from the
kidney and bile excretion from the liver to intestine and is finally eliminated with faeces
(McGeer et al., 2011). Some authors have investigated Cd elimination, and differences were

found between species (Mathews et al., 2008).

Cd toxicity is responsible for numerous impairments in organisms, such as oxidative damage,
endocrine and ionoregulation disruption, histopathology and depression of the immune
system, which can ultimately affect growth and survival (McGeer et al., 2011). Numerous
physiological mechanisms are able to prevent this toxicity in fish. Among them,
metallothioneins (MT) are one of the most well-known and described as well as one of the
most ubiquitous mechanisms in the animal kingdom (Adam et al., 2010). MT are a group of
low molecular weight (approximately 6 kDa in fish) cytosolic proteins that are involved in
metal sequestration. One of their main characteristics is the presence of a large number of
free thiol groups that are able to bind to divalent cations. The formation of this complex

prevents Cd from remaining as a free ion, its most toxic form. MT are inducible in fish after
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metal exposure (Cheung et al., 2004; George et al., 1996); however, many experimental
studies have used much higher concentrations than those found in the marine environment.
In situ studies have shown positive correlations between Cd and MT concentrations,
suggesting a strong relationship between the MT concentration and bioaccumulation for
some fish (Fernandes et al., 2007, 2008). However, this relationship is highly species-specific
since some fish present a high Cd concentration alongside low MT concentrations (Rosario

Siscar et al., 2014).

The goal of our experiments was to compare Cd accumulation and elimination between two
different marine fish species that are naturally present in the CCLME to better understand
the variability of bioaccumulation within this Cd-exposed ecosystem. The European sea bass
Dicentrarchus labrax is a demersal fish that is widely distributed in the Northeast Atlantic
from the coasts of Norway to Morocco. This species inhabits estuaries, lagoons and coastal
waters and displays a carnivorous diet that is composed of fish, crustaceans and
cephalopods (Lépez et al., 2015). On the other hand, the Senegalese sole Solea senegalensis
is a benthic flatfish that is distributed from the Gulf of Biscay to the coasts of Senegal and
also inhabits coastal waters and riverine estuaries. Due to its close association with the
bottom, this species mainly feeds on benthic invertebrates, including crustaceans,
polychaetes and bivalves (Teixeira and Cabral, 2010). In this study, fish were dietarily
exposed to environmentally realistic Cd concentrations (inferior to 25 ppm) based on
previously reported levels in potential prey from the CCLME (Bodin et al., 2013; Maanan,
2008). We investigated Cd repartition between different organs: one of primary
accumulation (liver), one of secondary accumulation (muscle) and a marker of excretion
(bile). Since these two species can exhibit different biomarker responses to metallic
contamination (Fonseca et al., 2011), we examined the possible induction of MT synthesis in
the liver due to Cd exposure. Finally, we sought to explore the significance of the liver MT

concentrations in regard to the accumulation and elimination kinetics of the two species.
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Materials and methods

Fish and experimental procedures

All animal procedures were in accordance with the French and EU guidelines for animal
research (project approval number: 03266.03).

Immature sea bass Dicentrarchus labrax used in this experiment were obtained from a
commercial hatchery (Aquastream, Ploemeur, France), whereas immature Senegalese sole
Solea senegalensis were provided from a marine farm (Ferme marine de I’Adour, Anglet,
France). The fish were transported to the CEDRE (Centre of Documentation, Research and
Experimentation on Accidental Water Pollution, Brest, France). After receiving anaesthesia
by bathing in a 0.05 ml/L solution of tricaine methanesulfonate (MS-222) (Ackerman et al.,
2005), each fish was randomly assigned to one of twelve high density polyethylene tanks
that had a 300 L volume (six tanks for each species, 40 sole and 50 sea bass per tank to
ensure equivalent biomass) at the Cedre’s marine animal facility. This facility is an
independent greenhouse that is submitted to a natural photoperiod and supplied with a
continuous seawater flow from the bay of Brest. The temperatures in the experimental tanks
followed the outdoor temperature.

Fish were first acclimated to the experimental conditions for one month, during which they
were fed daily with dried commercial pellets (Turbot label rouge 1.4 mm, Le Gouessant
Aquaculture).

To obtain a low Cd (3.5 + 0.2 ppm dw) or high Cd (22.9 + 0.3 ppm dw) concentration in fish
food, the commercial pellets were spiked with a 10 mg/L or 100 mg/L Cd (as CdCl, in milliQ
water) solution for 30 min. The diet was then placed at -20 °C, freeze dried and broken into
small pellets before usage. The control diet was prepared in the same way, but with the
addition of milliQ water only, where the measured background Cd level was 0.71 + 0.00 ppm
dw.

For each of the four conditions (i.e., Cd-exposed and control fish, for both species) there
were three replicate tanks, and due to space limitations, the two experiments (i.e., low and
high Cd exposure) were conducted separately. Low Cd exposure (hereafter experiment one)
started first during summer 2014, whereas high Cd exposure (experiment two) started

during summer 2015.
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Dietary Cd exposure was initiated by randomly assigning three of the six tanks per species to
Cd-enriched food. The six remaining tanks were fed the control diet. Cd exposure was
conducted for 60 days for the two Cd concentrations, after which a depuration period was
conducted that lasted for 30 days for the low Cd concentration (first experiment) and 60
days for the high Cd concentration (second experiment). During the depuration period, all of
the tanks were fed the control diet.

Daily food distribution was performed slowly and continuously over 24 h with a clockwork
feeder (COFA, Paris, France) to prevent pellets from remaining in the tank and thus avoid Cd
desorption in water. Sea bass were fed at 1.7 % body weight while sole were fed at 1 % body
weight per day to meet the physiological requirements of each species (Danion et al., 2011;
Salas-Leiton et al., 2010). Despite differential food intake, Cd input was similar for both
species relative to the liver weight (Table 1), which is the first organ of accumulation
following dietary ingestion. Fish were fasted for 48 h prior to each sampling to ensure the
production of a sufficient bile volume. The bottom of each tank was siphoned every day to

avoid Cd leaching from faeces.

Species | Cf (ppm) | Length (cm) | Weight (g) | FI (% bw) | HSI (% bw) | Cd body (ppm) | Cd liver (ppm)
Sea bass 14.2 £0.8 27.9%+45 1.7 1.2+0.2 0.06 5.0

Sole 35 14.7+14 33.91+10.6 1.0 1.0+0.2 0.04 3.6
Sea bass 29 9 14.1+0.7 29.81+45 1.7 14+04 0.38 27.4

Sole 149+1.1 36.4+7.9 1.0 0.8+0.2 0.24 29.5

Table 4 Food input regarding to biomass. Cf: Cd concentration in food (ppm dw); Length at To;
Weight at To; FlI: daily food intake (% body weight - day™); HSI: hepatosomatic index (% body
weight at To); Cd body: daily Cd input per body weight (ug Cd - g body™ day™); Cd liver: daily Cd
input per liver weight (pg Cd - g liver™ day™).

Monitoring and biological sampling

Physico-chemical parameters (O,, pH, temperature, salinity) and water quality (nitrates,
nitrites) were measured every ten days. During the first experiment (low Cd dose), the water
temperature decreased from 19.8 to 12.7 °C, oxygen saturation increased from 76.3 % to

88.6 %, pH increased from 7.8 to 8.1 and salinity increased from 34.9 to 35.6. During
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experiment two (high Cd dose), the water temperature decreased from 20.7 to 12.8 °C,
oxygen saturation increased from 81.2 % to 98.2 %, pH increased from 8.0 to 8.2 and salinity
increased from 35.2 to 35.7. The water was free of nitrate and nitrite (Colorimetric test JBL)
in both experiments.

Prior to initiating the dietary exposure treatment (TO), three fish per tank (nine for each
condition) were anesthetized by bathing in a 0.05 ml/L solution of MS-222 before being
euthanized by bathing in a 0.2 ml/L solution of MS-222. They were then dissected with
ceramic tools to avoid metal contamination. The liver, gallbladder and a piece of dorsal
muscle (a standardized cut on the dorsal muscle) were collected. The liver was split into two
samples, one for Cd analysis and one for metallothionein analysis, while other tissues were
used for Cd analysis only. Samples were put in acid-washed (10 % HNOs3) individual plastic
microcentrifuge tubes, flash frozen in liquid nitrogen and stored at -80 °C until further
analysis. The same sampling was performed after 10 (T10), 30 (T30) and 60 (T60) days of
exposure. During the depuration period, the same was done after 10 (T70), 20 (T80) and 30
(T90) days for experiment one, as well as after 40 (T100), 50 (T110) and 60 (T120) days for

experiment two.

Cadmium analysis

Liver samples for cadmium analysis were freeze-dried, ground, and stored in individual acid-
washed plastic microcentrifuge tubes. Three liver samples of fish from the same tank were
pooled to obtain approximately 90 mg of dried sample, and they were digested in a mixture
of 7 ml of 70 % HNOs and 1 ml of 30 % H,0, (both of ultrapure quality) in Teflon vessels.
Mineralization was performed in a microwave oven (Ethos One, Milestone) for 15 min with
increasing temperature until reaching 200 °C, followed by 15 min at 200 °C (1500 W) and 90
min of cooling. The samples were then evaporated on a hotplate at 100 °C, resolubilized with
2 ml of HNO3, and diluted to 50 ml with Milli-Q quality water (Merck Millipore). Because Cd
levels are known to be lower in muscle tissues (Berntssen et al., 2001; Kim et al., 2006), the
same procedure that was used for the liver was followed, but samples were pooled to obtain
approximately 210 mg. For bile, the content of three gallbladders of individuals from the

same tank were pooled to obtain approximately 150 mg of wet sample.
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Cadmium was analysed using an ICP Q-MS (X Series 2, Thermo Scientific) at the Pole de
Spectrométrie Océan (PSO, Plouzané, France) with an internal standard solution of rhodium.
Reference materials (fish protein DORM-4 and lobster hepato-pancreas TORT-2, NRCC) were
treated and analysed in the same way as samples. The results for the reference materials
displayed mean cadmium recoveries of 97 + 16 % for DORM-4 and 99 + 15 % for TORT-2.
Blanks were included in each analytical batch. The concentrations in the liver (ppm), as well
as in muscle (ppb), are provided on a dry weight basis (ug-g™ dw and ng-g™ dw, respectively),
while those in bile (ppb) are expressed on a wet weight basis (ng-g™* ww). The detection limit

(ng-g™ dw) was 0.2 for cadmium.

Metallothionein analysis

Analysis of metallothionein was performed on liver tissues, generally following the
procedures described by Tendrio-Daussat et al., 2014. Individual liver samples
(approximately 200 mg) were homogenized in a solution (250 pL for the sole and 500 uL for
sea bass) containing Tris-HCI 20 mM pH 8.6, 0.01 % DTT (dithiothreitol) as a reducing agent
and 1 % antiproteolytic agent (Protease Inhibitor Mix, GE Healthcare). Samples were then
centrifuged at 20,000 x g for 1 h at 4 °C. Ten microlitres of supernatant was then separated
from the pellet and heated at 70 °C for 10 min. Another centrifugation step was conducted
at 20,000 x g for 30 min at 4 °C. The final supernatant containing MT was separated and
frozen at -80 °C until analysis. The MT concentration was determined by spectrophotometry
(Ellman’s reaction), in which the sample absorbance was evaluated at 412 nm using a
microplate reader spectrophotometer (POLARstar Omega, BMG LABTECH). Concentrations
were estimated by using reduced glutathione (GSH) as an external standard. Ellman’s
reaction colours thiol groups, and since reduced GSH includes one thiol and MT from sea
bass and sole includes 20 thiols, the MT content was calculated by using the relationship of
20 mol reduced GSH = 1 mol MT. Finally, the MT concentration (ppm) was expressed on a
dry weight basis (ng-g™ dw) using the referenced molecular weight of sea bass MT (5992 Da;
NCBI accession number: AAF22355) and sole MT (6051 Da; NCBI accession number:
ADF42597).
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Data analysis

Kinetic constants were calculated as the slope of the regression line of the Cd concentration
over time. An uptake rate (K,) was inferred for the two species when at least two sample
points were significantly higher in exposed fish compared to control ones during the
exposure period (i.e., for liver concentrations between TO and T60 in both experiments). An
efflux rate (Ke)

was calculated when a significant decrease of the Cd levels occurred during the depuration
period (i.e., in the liver for the highest exposure dose). The proportion of hepatic cadmium
transported to muscle or excreted through bile was defined as the percentage of the ratio of
the liver Cd concentration to the muscle or bile Cd concentration, calculated during the
entire experiment. All of the data submitted to the statistical tests were first checked for
normality (Shapiro-Wilks test) and homogeneity of variance (Bartlett test). When these
conditions were verified, raw data were used; otherwise, they were transformed with a log
function. One-way ANOVAs followed by Tukey’s HSD tests were performed to test
differences between groups. Analysis of covariance, ANCOVA, was used to compare the
uptake rates of the two species. All of the statistical analyses were performed using the free
software R (R Core Team, 2016). Comparison of the MT (isoform 1) amino acid sequences of

D. labrax and S. senegalensis was performed using the NCBI database.

Results

Cadmium kinetics

Muscle

During experiment one (3.5 ppm exposure), the Cd concentrations in the muscle of exposed
sea bass were significantly higher compared to those of control fish after T30 (ANOVA;
p<0.05) and reached 8.2 + 2.9 ppb dw after 60 days (Fig. 1A). During the depuration period,
the Cd concentrations remained similar to those of the exposure period, even after 30 days
of depuration (T90), when the Cd level was 10.5 + 1.4 ppb dw in D. labrax. The accumulation

pattern in Senegalese sole muscle was quite different (Fig. 1B). The Cd amounts were
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significantly higher in exposed fish compared to control fish only at the end of the 60 day
exposure period (ANOVA; p<0.05), with a mean of 8.3 + 4.0 ppb dw.

In the second experiment (22.9 ppm exposure), muscle of exposed sea bass showed higher
Cd concentrations compared to those of the control after 10 days and throughout the
experiment (ANOVA; p<0.001), reaching 91.2 + 76.4 ppb dw (i.e., 18.2 ppb ww) at T60 (Fig.
1C). Within exposed sea bass, the Cd levels were also always higher than that at TO (ANOVA;
p<0.05), but did not vary following exposure. In sole muscle, the Cd amounts were higher in
exposed fish compared to control fish from T60 to T120 (ANOVA; p<0.05), with a maximum
mean of 31.7 + 35.8 ppb dw (i.e., 6.3 ppb ww) at T60, but neither varied during this period
within exposed fish (Fig. 1D).
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Figure13 Cd concentrations (mean * standard deviation; ng-g" dry wt) in the muscle of the Sea
bass (blue) and the Sole (green) during experiment one (3.5 ppm Cd exposure; A and B) and
experiment two (22.9 ppm Cd exposure; C and D). Different letters indicate significant
differences over time among exposed fish (ANOVAs followed by Tukey's HSD tests). “*”
indicates significant differences between exposed and control fish for a same sampling point
(ANOVA:s).
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Liver

Following 3.5 ppm exposure, the Cd concentrations in the sea bass liver were significantly
higher in exposed fish compared to control fish from T30 to T90 (ANOVA; p<0.05) (Fig. 2A).
Within exposed sea bass, the Cd concentrations from T30 to T90 were higher than at TO and
T30 (ANOVA; p<0.001) and reached 3.6 + 1.5 ppm. In the sole liver, the Cd concentrations
were significantly higher in exposed fish compared to control fish from T30 to T90 (ANOVA;
p<0.05) (Fig. 2B). Within exposed sole, the Cd concentrations at T30, T60, T80 and T90 were
higher than at TO (ANOVA; p<0.05) and reached 4.4 + 1.2 ppm. During the depuration
period, a significant decrease occurred from T60 to T70.

Following 23.9 ppm exposure, the Cd kinetics in the liver showed the same pattern in the
two species, although the Cd levels in exposed fish were significantly higher than in control
fish earlier in sea bass (i.e., after 10 days of exposure) than in Senegalese sole (i.e., after 30
days of exposure) (ANOVA; p<0.001) (Fig. 2C, 2D). For both species, after 60 days of
exposure (T60) and after T30 for sea bass, the Cd concentrations in the liver were
significantly higher than those at TO and T10 (ANOVA; p<0.001). Then, the Cd levels
increased until T70 (i.e., 10 days after the end of exposure), when they significantly differed
from those at T30 (ANOVA; p<0.05), reaching 20.2 + 9.7 ppm dw for sea bass and 17.2 + 1.7
ppm dw for Senegalese sole. During the elimination period, the Cd concentrations remained
similar and only differed from T70 after 60 days of depuration (T120) in both species
(ANOVA; p<0.05).
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Exposition (3.5 ppm)
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Figure 14 Cd concentrations (mean * standard deviation; pg-g” dry wt) in the liver of the Sea bass
(blue) and the Sole (green) during experiment one (3.5 ppm Cd exposure; A and B) and
experiment two (22.9 ppm Cd exposure; C and D). Different letters indicate significant
differences over time among exposed fish (ANOVAs followed by Tukey's HSD tests). “*”
indicates significant differences between exposed and control fish for a same sampling point
(ANOVAs).

Cd accumulation was linear over time in the liver for both species regardless of exposure
dose. The uptake rate (K,) increased with the exposure dose for both species (ANCOVA,
p<0.01) (Table 2). K, was similar in the two species for the low exposure dose, whereas for
the highest dose, it was superior in sea bass compared to sole (K,-0.24 and 0.13,

respectively, ANCOVA, p<0.01) (Fig. 3).
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Figure 15 Cd concentrations (ug-g" dry wt) in the liver of the Sea bass and the Sole during 60 days
of exposition to 22.9 ppm of Cd. Slopes of the linear regression curves represent the uptake rate

(Ku)-

The Cd concentrations over the depuration time were not linear and thus poorly fitted a
linear regression, even after log-transformation of the raw values (R?<0.31, not shown).
Calculation of the efflux rate (K.) was therefore considered to not be relevant. However, the
elimination rate (%) was used as a percentage decrease of the initial value (after 70 days).

The proportion of removed Cd did not significantly differ between species (Table 2).
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3.5 ppm exposure 22.9 ppm exposure

Muscle Liver Bile [MT| Ku |Muscle Liver Bile MT Ku Loss
Sea bass | Accum Accum Accum | No | 0.06° | Accum | Accum/Elim [ Accum No 0.24°* |59 + 16
Sole Accum | Accum/Release| No [No [0.04°%| Accum | Accum/Elim |Accum | Induction 0.13° |39 + 23

Table 5 Synthesis of the results obtained in the Sea bass and the Senegalese sole after
exposition to two dietary Cd concentrations. “Accum” indicates a higher level of Cd in exposed
fish than in controls for at least one sampling point. “Release” indicates a loss in hepatic Cd
before a further increase during depuration period. “Elim” indicates a loss in hepatic Cd at the
end of the depuration period. “Induction” indicates a de novo synthesis of metallothioneins
(MT) due to Cd exposition. “K,” is the uptake rate in the liver. “Loss” represents the proportion
of eliminated hepatic Cd at the end of the depuration period compared to T70 (mean * standard
deviation; %). Different letters indicate significant differences over experiments among exposed
fish of a same species, “*” indicates a significant difference between species within a same
experiment (ANCOVA). “No” indicates no accumulation nor induction.

Bile

During experiment one (3.5 ppm exposure), the Cd concentrations measured in bile were
only significantly higher in exposed sea bass compared to control fish (ANOVA, p<0.001) at
the end of the depuration period (T90), when they reached 73.7 + 2.1 ppb ww (Fig. 3A). No
differences between exposed and control fish were found for Senegalese sole (Fig. 3B).

In experiment two (22.9 ppm exposure), for both species, the Cd levels in bile were higher in
exposed fish compared to control fish (ANOVA, p<0.05 for sea bass and p<0.01 for sole) from
30 days of exposure to the end of the depuration period (T120), but no variation was found
within exposed fish during this period (Fig. 3C, 3D). The maximum Cd amounts in bile were
found at the end of the exposure period (T60), up to 117.2 + 64.3 and 95.1 + 56.5 ppb ww

for sea bass and sole, respectively.
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Figure 16 Cd concentrations (mean * standard deviation; ng-g” dry wt) in the bile of the Sea bass
(blue) and the Sole (green) during experiment one (3.5 ppm Cd exposure; A and B) and
experiment two (22.9 ppm Cd exposure; C and D). Different letters indicate significant
differences over time among exposed fish (ANOVAs followed by Tukey's HSD tests). “*”

indicates significant differences between exposed and control fish for a same sampling point
(ANOVAs).

Organotropism

The Cd concentrations were always higher in the liver than in the muscle or bile of the two

species in both experiments (ANOVA, p<0.001). A higher proportion of hepatic Cd was
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transported to sea bass muscle compared to sole muscle for both experiments, while a
higher proportion of hepatic Cd was excreted through sea bass bile only in experiment two
(Fig. 4).

For sole, accumulation in exposed fish compared to control fish occurred earlier in the liver
(from T30) than in muscle (at/from T60) in both experiments. In sea bass, accumulation in

the two organs occurred simultaneously for the two exposure doses.

w

Hepatic Cd proportion (%)

*kk
*hk
B Sk
0_
Muscle Bile Muscle Bile
Experiment 1 (3.5 ppm) Experiment 2 (22.9 ppm)

Figure 17 Proportion of hepatic Cadmium transported to muscle or excreted through bile (i.e.
percentage of the ratio of liver Cd concentration on muscle or bile Cd concentration) calculated
during the entire experiment. The upper and lower hinges represent the quartiles, the vertical
lines, the maximum and minimum data values and the bold line represents the median value.
Values are shown for the Sea bass (blue) and the Sole (green) during the two experiments. “*”

indicates significant differences between exposed and control fish for a same sampling point
(ANOVAEs).
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Metallothioneins

During experiment one (3.5 ppm Cd exposure), no difference in the MT concentration was
observed in the liver of exposed fish compared to control fish for either species (Fig. 5A). In
the meantime, the MT amounts in sea bass were always higher than those in Senegalese
sole, whatever the condition, i.e., control or exposed fish (ANOVA, p<0.001). The MT
concentrations changed over time for both species, but were more variable for sea bass. In
sea bass, the concentrations ranged from 157.0 + 37.2 to 342.5 £+ 57.7 ppm dw, whereas in
Senegalese sole, they were between 30.3 + 12.1 and 104.9 £ 53.0 ppm dw.

During experiment two (23.9 ppm Cd exposure), induction of MT synthesis, i.e., a significant
difference in the MT concentration between exposed and control fish, was only observed in
S. senegalensis at T80 and T90 (ANOVA, p<0.05) (Fig. 5B).

Similarly, as in experiment one, the MT levels were generally higher in sea bass liver than in
Senegalese sole liver (ANOVA, p<0.001) except at TO and T10. At TO, no differences were
observed between species. At T10, the MT levels were higher in control sea bass (ANOVA,
p<0.01) and in exposed sea bass (ANOVA, p<0.05) compared to control sole only. The MT
levels varied over time for both species, but fluctuated much more for sea bass, from 141.6 +
53.0 to 325.8 + 96.0 ppm dw, and from 58.5 + 20.1 to 134.1 + 34.3 ppm dw in Senegalese
sole.

Finally, it should be noted that in the 60 amino acid sequence of the MT from D. labrax and
S. senegalensis, 7 differences were found, including one major modification in the 34

amino acid (serine/proline).
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Figure 18 Metallothionein concentrations (mean * standard deviation; pug-g" dry wt) in the Sea
bass and the Sole liver during experiment one (3.5 Cd exposure; upper figure) and experiment
two (22.9 ppm exposure; lower figure. Different letters indicate significant differences over
time among exposed fish of a same species; “*” indicates significant differences between
control and exposed fish of a same species; MT concentrations were always higher in Sea bass
than in Sole regardless of time and condition except at To and T10 during experiment two

(ANOVAs followed by Tukey's HSD tests).
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Discussion

The goal of our experiments was to compare Cd accumulation and elimination between two
different marine fish species that are naturally found in the CCLME to better understand the

bioaccumulation variability within this Cd-exposed ecosystem.

Environmental relevance of the measured Cadmium and Metallothioneins

concentrations

The bioaccumulated Cd concentrations found for both species in the present study were
generally in the same order of magnitude as those observed in situ, supporting the
environmental relevance of the exposure doses and duration used, although a few
differences were observed. For instance, although the Cd levels in sea bass muscle were
similar, the experimentally obtained concentrations in the liver were always above those
found in the field (Table 3). As organotropism (i.e., metal repartition between organs) was
shown to depend on the route of exposure (Chowdhury et al., 2005), the differences
observed between field studies and our experimental conditions might be reflective of the
greater diversity in the exposure pathways found in the natural environment. It is of interest
to note that the maximum Cd levels that bioaccumulated in muscle (0.006 and 0.018 ppm
ww for sole and sea bass, respectively) after a 2-month exposure to food contaminated with
environmentally relevant concentrations were below the current maximum acceptable limit
for seafood set by the European Union, which is 0.05 ppm ww (Official Journal of the
European Union, 2014).

The MT concentrations found for both species were similar to those observed in wild fish,
but lower than those found in cultured fish (Table 3). However, lower values were obtained
by quantifying MT from the sea bass liver by spectrophotometry, as in our study, compared
with liquid chromatography (Jebali et al., 2008) or polarography (Roméo et al., 1997). These
results highlight that the observed variability in terms of the MT concentration between

studies for a single species can be partly explained by the different analytical methods used.
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Species Location Exposition (ppm dw) | Tissue Cd (ppm dw) MT Reference
Experimental Liver 0.5-2.8-14.9 142 - 343 -326 (dw) /526 - 822 - 619 (ww)
0.7-3.5-22.9 Muscle | 0.002 - 0.008 - 0.09 / 8-24-11(mg-g-1 prot) This study
Bile 0.007-0.02-0.12
E i tal 5.4-38.5 Li 15-20
Xperimenta ver Odzak and Zvonaric, 1995
Muscle 1-4
Southeastern Aegean Sea (Turkey) Muscle 0.04 Dalman et al., 2006
Eastern Mediterranean Sea (Turkey) Liver 0.19
Dural et al., 2007
Muscle 0.08
Gironde estuary, France Liver 0.58 .
) Durrieu et al., 2007
Dicentrarchus labrax Muscle 0.02
Seine estuary, France Liver 0.07 .
Chiffoleau, 2001
Muscle 0.02
Charente river mouth, France Muscle 0.04 Schnitzler et al., 2011
Aegean Sea Muscle 0.17 Alasalvar et al., 2002
Eastern Mediterranean Sea (Turke Liver 0.21
! (Turkey) v Tirkmen et al., 2009
Muscle 0.03
Fish Farm, Portugal Liver 1.18 15600 m d
! ue !V (ppm dw) Fernandes et al., 2007
Arade estuary, Portugal Liver 0.22 7000 (ppm dw)
Aveiro estuary, Portugal Liver 9 (mg~g’1 prot) Fonseca et al., 2011
Experimental Liver 09-44-10.1 30-105-134 (dw) / 237 - 318 - 196 (ppm ww)
0.7-3.5-22.9 Muscle | 0.001 - 0.008 - 0.03 /11-6 -4 (mg-g-1 prot) This study
Bile 0.01-0.04-0.10
Experimental 0.16 (ppm ww) Liver 0.15 (ppm ww) 1500 (ppm ww) Siscar et al., 2014
Huelva estuary, Spain Liver 1.82 .
Vicente-Martorell et al., 2009
Muscle 0.01
Solea senegalensis Huelva estuary, Spain Liver 6.6 Oliva et al., 2012a
Huelva estuary, Spain Muscle 0.015 Oliva et al., 2012b
Coast of Senegal Liver 1.57 .
Diop et al., 2016
Muscle 0.03
B f Cadiz, Spai Li 0.55
ay ortadiz spain ver Galindo et al., 2012
Muscle 0.078
Aveiro estuary, Portugal Liver 9 (mg-g’1 prot) Fonseca et al., 2011
Hippoglossoides platessoides North Sea Bile 5.1 ppb ww Westerlund et al., 1998
Mugil liza Guanabara Bay, Brazil Bile 10 ppb ww Hauser-Davis et al., 2012
Oncorhynchus mykiss Experimental 300 (in sediments) Bile 44.3 ppb ww Andréasson and Dave, 1995

Table 6 Review of Cd levels in the tissues of the sea bass Dicentrarchus labrax and the Senegalese sole Solea senegalensis. Concerning experimental
studies, only those involving chronic dietary exposition were retained. Cd concentrations are expressed in ppm dry weight unless otherwise stated
(ppm wet weight). As no previous study investigated Cd levels in bile of D. labrax and S. senegalensis, studies on other fish species are shown for

comparison.




Metallothioneins induction

Binding sites are known to play a key role in the accumulation of metals in organisms which
is the case for storage proteins, such as metallothioneins, for which gene transcription
induction has been shown in marine fish after exposure to various metal ions, including Cd
(Cheung et al., 2004; George et al., 1996). This induction results in an increase of the MT
concentration in tissues depending on the time considered and exposure type. In the sea
bass liver, MT induction has been shown 48 h after intraperitoneal injection (Jebali et al.,
2008). In dietary studies involving exposure doses similar to those used in our study,
induction also occurred in other marine species (Berntssen et al., 2001; Dang and Wang,
2009). Due to this metal induction, MT are commonly used as a biomarkers of
environmental contamination in fish species (Hauser-Davis et al., 2012b).

In the present study, metal exposure only led to a slight increase of the MT levels in the sole
liver during the depuration period (i.e., T80 and T90) after feeding with the highest Cd
concentration, which suggests that the basal hepatic pool of MT was high enough to
sequestrate Cd ions, except for sole, in which de novo synthesis of MT was induced after the
highest accumulated Cd level (i.e., 70 days after the beginning of the exposition). This
hypothesis was supported by Dallinger et al. in 1997, who concluded that for a slight Cd
increase, sequestration was achieved by displacement of essential metals, such as zinc and
copper, from MT binding sites. Additional MT synthesis was thought to occur only for higher
Cd concentrations to bind excess metal.

No MT induction following Cd administration was generally observed in the liver of the two
species for both of the exposure doses used in our study. Indeed, metal exposure is not
always followed by induction of de novo MT synthesis. This was the case for Gilt-head
seabream Sparus aurata sampled in different fish farming systems, which showed
contrasting Cd concentrations in the liver, but similar MT levels (Creti et al., 2009). Induction
seems to be species-dependent because 6 days after intraperitoneal injection, the MT levels
increased three-fold over the basal values in the S. aurata liver, whereas they remained the
same in S. senegalensis (Kalman et al., 2010). Conversely, MT synthesis can be influenced by
environmental and endogenous factors related to season, gender and maturation (Hylland
et al.,, 1998), as shown in S. senegalensis, for which the liver MT levels can vary with

temperature (Siscar et al., 2014).
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In our two experiments, the MT concentrations changed over time for both species,
regardless of metal exposure or water parameters (i.e., O,, pH, Temperature, Salinity; see
Annex 1). Nevertheless, physical stresses, such as handling, are known to produce an
elevation of physiological markers, such as the plasma cortisol and MT levels, in fish (Tort et
al., 1996). In addition, cortisol has been identified as an endogenous inducer of MT synthesis
(Fu et al., 1990; Hyllner et al., 1989). Outside sounds or cleaning of the tanks could thus have
constituted stress sources, leading to the variability observed over time, inducing MT
synthesis directly or indirectly via cortisol secretion in both exposed and control fish. Finally,
the fact that the highest variability was observed for sea bass might be the result of its
greater sensitivity due to its gregarious swimming behaviour and escape reactions in
response to outside stimuli.

The fact that MT synthesis can be induced by various biotic and abiotic confounding factors
implies that MT concentrations do not always reflect metal exposure and bioaccumulation in
wild marine fish (Mieiro et al., 2011). The use of MT as a biomarker of contamination should
thus be considered with caution in the natural environment as well as in experimental

conditions, where external factors may induce MT synthesis.

Metallothioneins significance in the fate of Cadmium in fish tissues

While there is no doubt about the possible influence of metal exposure on the MT
concentration, very few studies have investigated the role of MT in metal accumulation
kinetics in marine fish. Moreover, the net metal accumulation in an aquatic organism is the
result of a balance among three mechanisms: the uptake rate (K,) from the diet, uptake rate
of dissolved forms, and efflux rate. In marine fish, where metal influx from food has been
shown to be dominant (Mathews and Fisher, 2009; Creighton and Twining, 2010),
accumulation will be mainly dependent on the uptake rate from food and the elimination

rate.

Hepatic Cadmium uptake

In fish, multiple routes for dietary Cd uptake along the gastrointestinal tract have been

found. Among them, Cd ion passage through the intestinal wall is believed to occur via
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essential metal transporters, such as calcium, copper, iron and zinc channels (McGeer et al.,
2011). Moreover, amino acid and small peptide transporters may also participate in the
uptake of Cd conjugated to cysteine or cysteine-containing oligopeptides. Once in the
bloodstream, Cd is primarily transported by plasma transport proteins in which MT are
found. The liver is the first organ that internalized metal will encounter, which gives it a
primary role in Cd accumulation compared to other tissues, such as muscle, as observed in
our species. The Cd concentrations in the liver of the two species were maximal 10 days
after the end of the exposure period for the highest exposure dose. This offset might
indicate a slight retention of Cd by the intestine before reaching the liver, as the intestine
was shown to also accumulate Cd (Berntssen et al.,, 2001; Kim et al.,, 2006). Just as
accumulation in the liver increased in a dose-dependent way, as shown in other fish species
(Berntssen et al.,, 2001; Kim et al.,, 2006), the uptake rate (K,), calculated from the Cd
concentrations in the liver increased with the exposure dose in the two species. The
assimilation efficiency (AE), namely the portion of retained Cd following dietary ingestion,
seems to be highly species-dependent since it can vary from 2 to 45% from one species to
another (Mathews and Fisher, 2008; Zhang and Wang, 2007b). As a result, in experiment
two, K, in the sea bass liver was higher than in the sole liver, revealing faster accumulation in
this species. This result might suggest that differences could exist in intestinal membrane
metal transport between the two species, leading to greater AE in sea bass. This
characteristic was confirmed by the significant accumulation compared to control fish that
occurred after 10 days of exposure in sea bass and after 30 days in sole.

The hepatic MT levels were always higher in sea bass compared to sole regardless of the
experiment, time or even conditions. In light of the above conclusions concerning MT
induction, this greater MT pool would allow sea bass to support higher metal accumulation
without triggering an induction of de novo MT synthesis. This interspecific difference in MT
concentrations has been reported in the field without an obvious influence of the
environment (Rosario Siscar et al., 2014). Furthermore, it seems that lower MT production
can exist in flatfish compared to roundfish species for the same sampling area (Beg et al.,
2015). Even if ecological features are involved, when overcoming environmental parameters,
as in our study, different physiological responses can be related to metabolism and/or
phylogenetic divergence. First, the higher metabolism in sea bass might imply higher

requirements for essential metals, leading to the synthesis of more binding sites, including
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those for MT. Second, MT the biochemical properties can display significant phylogenetic
dependence (Scudiero et al., 2005), which might involve different responses to the same
environmental conditions. Concerning the species used in the present study, the variation
observed in the MT sequence for the same protein isoform may imply a slight difference in
terms of function, resulting in different regulation patterns as well as different basal
concentrations. This hypothesis can partially explain the species-specificity, which might
have been driven by contrasting ecological niches (i.e., demersal versus benthic). Finally, this
species difference in MT levels could have been due to the life history of the fish, which did
not come from the same origin and faced different farming conditions. Any previous
influence of metal exposure on the starting MT levels can, however, be rejected, as sole
showed the highest Cd concentration at TO, but the lowest MT basal pool.

In sum, the findings concerning the sea bass liver suggest an increase of the Cd uptake rate
alongside the MT concentrations, as previously found in the whole body of other species
(Long and Wang, 2005a, 2005b). These authors concluded that metal sequestration by MT
may prevent the inhibition of membrane transporters caused by metal toxicity, notably by
reducing the activity of Na’/K* ATPase in the gills. In our study, the high MT levels observed
in the sea bass liver may have also been found in enterocytes. This characteristic might
provide more efficient metal detoxification and thus reduce the inhibition of subsequent Cd
assimilation. It implies that species with the highest MT levels would be subjected to
increased metal accumulation, as observed in field studies (Fernandes et al., 2008) and by
the very high correlation (r=0.991) found between the Cd and MT concentrations in wild sea
bass (Fernandes et al., 2007). In the natural environment it is however difficult to distinguish
MT induction following metal exposure from a greater accumulation linked to high basal MT

levels.

Cadmium efflux from the liver

In fish, Cd depuration from the liver is the result of biliary excretion from the gallbladder to
the intestine and is finally eliminated with faeces (McGeer et al., 2011). Biliary excretion was
also dose-dependent and occurred after 30 days of exposure for both sea bass and sole for
the highest exposure dose. Even if metal concentrations are known to be low in fish bile

(Andréasson and Dave, 1995) and represent approximately only 1% of the Cd amount in the
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liver, the fast bile turnover (i.e. renewal after each digestion) led to a significant decrease of
the Cd hepatic concentrations, with a mean loss of near 40 and 60% for sole and sea bass
respectively (Table 2). Biliary excretion was thus an efficient pathway for the Cd elimination
in these two species. A similar trend was observed for the mullet Mugil liza, in which a weak
negative correlation (r=-0.82) was found between the Cd concentrations in the liver and
those in bile, revealing that Cd is eliminated from the liver through biliary excretion (Hauser-
Davis et al., 2012a). Despite the similarity between the biliary Cd concentrations found in the
present study and those from other species (Table 3), 50 days were necessary to observe a
significant decrease of the Cd concentration in the liver of our two species following dietary
consumption of the highest dose. This time interval is higher than that observed for other
species, in which the hepatic Cd amount can decrease after 10 days of depuration for similar
exposures (Kim et al., 2004, 2006). This difference might be a side effect of the temperature
decrease during our experiments, which may have inhibited Cd elimination by reducing the
metabolism of the fish. Hepatic Cd decreases were not linear during the depuration period,
which might reflect Cd release from other tissues (not analysed in this study) to the liver
before final biliary excretion. Depuration in experiment one was only conducted for 30 days,
so we cannot conclude if effective Cd elimination would occur in the liver at the lowest
exposure dose after a longer depuration period. However, the exposure dose used in the
second experiment (i.e., 25 ppm dw) constituted the threshold from which effective Cd
elimination occurred after 30 days in the liver of rockfish (Kim et al., 2006). Although the
opposite was observed in the grunt Terapon jarbua (Long and Wang, 2005a), this result
suggests that an increase of the dietary exposure dose will increase the efflux rate in the
liver of these species.

To our knowledge, only one study has investigated the link between Cd elimination and MT
levels in fish. Long and Wang in 2005a found a negative correlation between the MT
concentrations and Cd efflux rate in the whole body of T. jarbua. However, individuals were
pre-exposed to waterborne or dietary Ag and Cu for 1 week, making it difficult to compare
their results with our study. MT seem to be involved in metal elimination in fish, as shown in
the Nile Tilapia Oreochromis niloticus exposed to copper, where an increase of the MT
concentration in bile but not in the liver was observed (Hauser-Davis et al., 2014). The
authors also found more MT-bound metal in the bile of exposed fish, confirming that MT

constitute a vector for metal biliary excretion. This is in accordance with the higher biliary
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excretion (i.e., higher percentage of hepatic Cd in the sea bass bile; Fig. 4) and suggests that
the greater basal MT pool in sea bass led to a higher amount of metal bound to MT, which

enhanced Cd biliary excretion.

Cadmium relocation to muscle

Cd elimination from the liver is also due to relocation to others tissues, such as muscle,
through release into the general circulation. As in the liver, the Cd concentrations in muscle
increased with exposure dose for both species in our study. Once relocated to muscle, Cd
was globally not significantly eliminated from muscle during the depuration period and
remained at the same level as at the end of the exposure period for both species. The same
pattern has been observed in other fish species, for which Cd elimination has been shown to
occur for all tissues investigated except the kidney and muscle (Kim et al., 2004, 2006). This
observation of Cd retention in muscle leads to sanitary concerns since muscle represents the
edible part of fish.

In sea bass, muscle accumulation occurred earlier and represented a higher proportion of
hepatic Cd for both exposure doses (Fig. 1 and 4). This indicates that after digestion, Cd was
transported from the liver to muscle more quickly and at larger proportions in sea bass.
These observations may suggest a major transport of MT-bound Cd from hepatocytes to
other tissues trough blood as observed in mammals (Chan et al., 1993). However, Cd/MT
complexes were retrieved in kidney which is a secretory organ, contrary to muscle which
constitutes a long-time storage compartment. It is thus more likely to be the result of faster
cellular turnover in the muscle of sea bass due to its swimming behaviour, implying a higher
amino acid or protein requirement, to which Cd might be bound in the blood plasma.
Mobility seems to constitute a trait that determines metal repartition, leading to higher
muscular contamination in vagile species vs sedentary ones. Even if the Cd concentrations in
sea bass muscle after a two-month exposure were below the current maximum acceptable
limit for seafood set by the European Union, the present study noted some concerns about
health safety regarding consumption of flesh from highly swimming species. This hypothesis
could furthermore constitute a new key for comprehension of the high Cd amounts

frequently observed in muscle of some pelagic predator fish, such as swordfish and tunas
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(Aratujo and Cedeno-Macias, 2016; Kojadinovic et al., 2007), despite the lack of Cd

biomagnification along the trophic chain (Mathews et al., 2008; Mathews and Fisher, 2008).

Conclusion

European sea bass Dicentrarchus labrax and Senegalese sole Solea senegalensis exposed for
two months to two environmentally realistic dietary Cd doses presented different
accumulation kinetics. The first exposure (3.5 ppm dw) resulted in significant accumulation
in the muscle and liver of both species, but the Cd levels increased earlier in sea bass. Biliary
excretion of metal only occurred for sea bass at the end of the one-month depuration
period. With a higher exposure dose (22.9 ppm dw), significant accumulation also occurred
in the liver as in the muscle of the two species. While the Cd amounts remained constant in
muscle, the liver showed significant metal elimination after two months of depuration,
coinciding with effective biliary excretion in the two fish. Meanwhile, sea bass presented a
higher uptake rate at the highest exposure dose as well as higher biliary excretion in both
experiments. Induction of MT synthesis varied over time, but was not triggered by metal
exposure, calling into question the relevance MT for use as a biomarker of contamination.
The basal MT pools were always greater in sea bass. This specific characteristic, coupled with
or influencing accumulation kinetics, helps to explain the interspecific variability in terms of
the metal concentrations observed in fish from marine environments, such as the Canary

Current Large Marine Ecosystem.
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Chapitre 2

La répartition subcellulaire détermine la
toxicité et les cinétiques d'accumulation
du cadmium chez deux especes de
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1. RESUME

Les especes présentent différentes stratégies de séquestration des métaux qui
conditionnent la mise en place de mécanismes de détoxication et d’excrétion d’éléments
toxiques comme le cadmium (Cd). La sensibilité au Cd n’est pas homogéne dans toute la
cellule, ainsi les organites du systeme endomembranaire (notamment le réticulum
endoplasmique et I'appareil de Golgi) ou les enzymes cytosoliques sont considérés comme
hautement sensibles. En revanche, d’autres composés vont cependant participer a la
formation de complexes organiques concourant a inhiber la toxicité des métaux non
essentiels. Les métallothionéines (MT) appartiennent a cette catégorie, aux cotés de
granules riches en métaux (MRG) ou de peptides tels que le glutathion réduit (GSH).
L'hypothése du « spillover » propose que le Cd ne soit uniquement retrouvé dans les
fractions sensibles que lorsque les capacités de séquestration au sein des fractions
détoxifiantes sont dépassées. Ce concept tend cependant a étre revu suite a certaines
études montrant la présence de métaux toxiques dans les fractions sensibles méme a faible
dose d’exposition (Campbell et al., 2008; Giguére et al., 2006). L'un des mécanismes par
lesquels le Cd induit une toxicité est son interférence avec des éléments essentiels tels que
le calcium ou le zinc (Martelli et al., 2006). D’autre part, certains de ces éléments conférent
un réle de protection face aux métaux toxiques, notamment en favorisant les défenses
antioxydantes (Martinez-Alvarez et al., 2005).

Cette étude a pour objet d’évaluer les modes de séquestration du cadmium, adoptés par
deux espéeces aux caractéristiques écologiques et physiologiques distinctes, le bar européen
Dicentrarchus labrax et la sole sénégalaise Solea senegalensis, ainsi que I'implication de ces
stratégies sur la toxicité et I'élimination du métal. La répartition du Cd et de métaux
essentiels entre les fractions détoxifiantes et sensibles a été analysée dans le foie des deux
especes, aprés 2 mois d’exposition trophique a 22,9 ppm de Cd (poids sec) ainsi qu’aprés
une période d’élimination de 2 mois supplémentaires. 6 fractions majeures ont été
étudiées : les débris cellulaires, les granules (MRG), les mitochondries, les organites, les
enzymes cytosoliques (HDP), les protéines et peptides cytosoliques (HSP) ainsi que dans les

lipides de réserve lorsqu’ils étaient présents en quantité suffisante. Des mesures
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biométriques ont été réalisées pour évaluer I'impact de la toxicité du Cd sur la croissance et
le développement des organes.

Les résultats ont d’abord montré que I’exposition au Cd ne modifiait pas la répartition
subcellulaire de cet élément pour une méme espece, participant a réfuter I’'hypothése du
« spillover ». Les deux espéces montrent une séquestration préférentielle du Cd dans les
fractions détoxifiantes tout en adoptant différentes stratégies. Ainsi, alors que la majorité du
Cd est lié a la fraction incluant les MT dans le foie du bar, le métal est d’avantage piégé au
sein de concrétions granulaires (MRG) chez la sole. La distribution des éléments essentiels a
cependant été impactée par I'exposition au Cd, avec d’avantage de changements observés
chez la sole, suggérant une plus forte sensibilité induite par altération de ’lhoméostasie des
métaux essentiels chez cette espéce. L'exposition au Cd a de plus causé une diminution de la
croissance pondérale chez la sole, probablement suite a la dégradation des lipides de réserve
(Pierron et al., 2007). Alors que chez la sole, le Cd lié aux granules semble transiter par le
systeme endomembranaire avant d’étre excrété par des vésicules, les complexes Cd-MT
chez le bar semblent étre excrétés par la bile ou relargués dans la circulation sanguine apreés
transport par des protéines transmembranaires. Ces deux méthodes de séquestration
impliquent des voies d’excrétion contrastées, conduisant a des différences de sensibilité et

d’efficacité d’élimination du Cd.
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Abstract

Cadmium (Cd) subcellular partitioning was investigated in the liver of two marine fish
species, the European sea bass Dicentrarchus labrax and the Senegalese sole Solea
senegalensis, dietary exposed for two months to an environmentally realistic Cd dose before
a depuration period for further two months. Cd exposure did not modify Cd cellular
repartition for either species, refuting the spillover hypothesis. Both species contained most
part of Cd in detoxifying fraction (i.e. BIM: biologically inactive metal pool) but displayed
different handling strategies. Cd was largely bound to heat stable proteins (HSP) including
metallothioneins (MT) in sea bass while Cd was more linked to metal rich granules (MRG) in
sole. Essential elements (Ca, Cu, Fe, Mg, Mn, Se and Zn) whole liver concentrations and
subcellular partitioning were also determined. Most impairment in essential metal
homeostasis due to Cd exposure was found in sole. These elements followed Cd partitioning
pattern, suggesting their involvement in antioxidant responses against Cd toxicity. Cd
consumption decreased body weight growth in sole, probably due to impairment of lipid
storage. During depuration period, the two species exhibited marked repartition patterns,
implying different pathways for Cd elimination from liver. In sea bass, MT-bound Cd was
thought to be excreted trough bile or released in blood, crossing cell membrane via protein
transporter. In sole, MRG-bound Cd was thought to be sequestrated by organelles (i.e.
endomembrane system) before to be also released in blood via vesicular exocytosis. These
marked strategies in cellular Cd handling in liver might account for differential sensitivity to
Cd toxicity as well as for differential Cd accumulation kinetics between the two marine fish

species.
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Introduction

Aside from natural sources, marine ecosystems can be subjected to metal contamination
due to urban effluents and industrial activities. Cadmium (Cd) is a common by-product of
mining industry and can reach high levels in some regions (World Health Organization,
2010). Marine consumers like fish mainly accumulate metals trough trophic pathway and
display a wide range of Cd concentrations resulting from difference in foraging habitats and
dietary habits (Goutte et al., 2015; Le Croizier et al., 2016a; Metian et al., 2013). In addition
to ecological traits, the observed variability in terms of Cd bioaccumulation results from
various physiological characteristics, among which the presence of metal binding proteins
like metallothioneins (MT) (Hogstrand et al., 1991; Le Croizier, 2017). Cd is a toxic element
responsible for numerous impairments in fish, like oxidative damage, disruption of essential
metal homeostasis, endocrine and ionoregulation disruption, histopathology and depression
of the immune system which can finally affect growth and survival (McGeer et al., 2011a).
Recently, attention has been focused on the fish species ability to cope with metal toxicity,
depending on subcellular partitioning of the element (Eyckmans et al., 2012; Leonard et al.,
2014). At the cellular level, Cd can take different chemical toxic forms including the
following: free or complexed ion form (e.g. Cd**, CdCl,); bound to enzymes (e.g.
cytochromes); bound to organic acids (e.g. citrates); bound to cellular constituents causing
damages (e.g. DNA) (Vijver et al., 2004). Nowadays, only few forms in Cd speciation are
considered as detoxified: Cd complexed to peptides (e.g. glutathione) or functional,
transport or sequestration proteins (e.g. metallothioneins); Cd trapped in vesicles of the
lysosomal system or precipitated in mineral granules (Wang and Rainbow, 2006).

While one of the adverse effects of toxic metals is due to interference with essential
elements (Martelli et al., 2006; Moulis, 2010), some of these latter confer protective role
against metal toxicity, directly trough formation of detoxifying complexes (Sasakura and T.
Suzuki, 1998) or indirectly preventing for oxidative stress due to their association with
antioxidant enzymes (Martinez-Alvarez et al., 2005; Talas et al., 2008). Despite evidence of
the influence of cellular components like MT in metal accumulation kinetics in marine
species (Wang and Rainbow, 2010), very few studies have investigated the link between

metal subcellular partitioning and kinetic in fish (Glynn, 1991).
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The present study aimed to investigate Cd intracellular distribution in the liver of two marine
fish species, the European sea bass Dicentrarchus labrax and the Senegalese sole Solea
senegalensis, exposed for two months to an environmentally realistic dietary cadmium (Cd)
dose before a depuration period for further two months. Cd repartition was examined in six
major subcellular fractions: cellular debris, metal-rich granules, mitochondria, organelles,
cytosolic enzymes, cytosolic proteins and peptides as well as in storage lipids fraction when
present. Sensitivity of the two species was assessed according to (1) Cd subcellular
partitioning during accumulation and depuration periods, (2) impairments in essential
metals subcellular distribution, (3) essential metal concentrations in the whole liver and their
partitioning within hepatocytes, (4) growth and hepatosomatic index calculation. Finally,
assumptions were made regarding the influence of Cd cellular speciation in the liver and Cd

biliary excretion or transport to other tissues.

Materials and methods

Fish and experimental procedures

All details about animal procedures and experimental design can be found in Le Croizier et
al., 2017. Briefly, immature sea bass Dicentrarchus labrax and immature Senegalese sole
Solea senegalensis were reared in twelve tanks in the Cedre’s (Centre of Documentation,
Research and Experimentation on Accidental Water Pollution, Brest, France) marine animal
facility. Fish were fed for two months with a Cd-spiked food Cd (22.9 + 0.3 ppm dw) or with
commercial pellet depending on their condition (i.e. Cd-exposed and control fish). For both
species and condition, there were three replicates tanks. This exposition period was
followed by a depuration were all fish were fed with commercial pellets. All animal
procedures were in accordance with the French and EU guidelines for animal research

(project approval number: 03266.03).
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Biological sampling

After the two month of Cd exposition, three fish per tank (nine for each condition) were
anesthetized by bathing in a 0.05 mL/L solution of MS-222 before being euthanized by
bathing in a 0.2 mL/L solution of MS-222. They were weighed, measured and dissected with
ceramic tools to avoid metal contamination. The liver was collected, weighed and put in
acid-washed (10 % HNO3) individual plastic microcentrifuge tubes, flash frozen in liquid
nitrogen and store at -80 °C until further analysis. The same sampling was realised after two

further months of depuration.

Subcellular partitioning procedure

This procedure generally followed the protocol of Rosabal et al., 2015 (adapted from that of
Wallace et al., 2003). Briefly, liver samples were fractionated into six operationally-defined
subcellular fractions: cell membranes (cellular debris); metal-rich granules (MRG);
mitochondria; nuclei + microsomes + lysosomes (organelles); heat-denatured proteins (HDP)
including cytosolic enzymes; and heat-stable proteins and peptides (HSP) such as
metallothionein (MT) and glutathione (GSH). Three liver samples of fish from the same tank
were pooled to obtain approximately 200 mg of wet sample and homogenized in 1.5 mL of a
solution containing Tris-HCI 20 mM pH 8.6, DTT (Dithiothréitol) 0.01 % as a reducing agent
and 1 % of antiproteolytic agent (Protease Inhibitor Mix, GE Healthcare). A 100 pL aliquot
was removed from the liver homogenate for determining total trace metal concentrations in
the liver. The remainder of the liver homogenate was centrifuged at 1450 x g for 15 min at 4
°C. The supernatant (S1) was transferred to an acid-washed 1.5 mL polypropylene
microcentrifuge tube for further separations. The pellet from this centrifugation was
suspended in 0.5 mL of ultrapure water, heated at 100 °C for 2 min, digested with an
additional 500 pL of 1 N NaOH at 65 °C for 60 min. Centrifugation at 10,000 x g for 10 min at
ambient temperature (~20 °C) was performed to separate the NaOH-resistant fraction
(referred as “MRG”) from the cellular debris fraction that includes cell membranes,
unbroken cells and nuclei. The S1 supernatant was centrifuged at 10,000 x g for 30 min at 4
°C to produce the mitochondrial fraction. The resulting supernatant was ultracentrifuged at

100,000 x g for 60 min at 10 °C, giving a pellet containing other organelles (microsomes and
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lysosomes) and the cytosolic fraction in the supernatant. To separate the heat-stable
peptides and proteins (HSP) from the heat-denatured proteins (HDP), the cytosolic fraction
was held at 80 °C for 10 min, left on ice for 1 h and then centrifuged at 50,000 x g for 10 min
at 10 °C. The HSP fraction, which includes MT was collected from the supernatant. Each

fraction was finally kept at -20 °C until the metal analyses were performed.

Metal analyses

Subcellular fractions were digested in a mixture of 2 ml of 70 % HNOs and 0.5 ml of 30 %
H,0, (both of ultrapure quality) in Teflon vessels. Mineralization was performed on a
hotplate during 4 h at 100 °C. A 100 pL aliquot was removed from the digestat and diluted to
15 ml with Milli-Q quality water (Merck Millipore). Cadmium and essential metals (Ca, Cu,
Fe, Mg, Mn, Se and Zn) were analysed using an ICP Q-MS (X Series 2, Thermo Scientific) at
the P6le de Spectrométrie Océan (PSO, Plouzané, France) with an internal standard solution
of Rhodium. Reference materials (fish protein DORM-4 and lobster dogfish liver DOLT-5,
NRCC) were treated and analysed in the same way as the samples. The results for reference
materials displayed mean metal recoveries of 85 + 6 % for DORM-4 and 91 + 6 % for DOLT-5.
Blanks were included in each analytical batch. The detection limits (ng-g™* dry wt) were 0.2
(Cd), 1.3 (Ca), 0.4 (Cu), 0.1 (Fe), 0.2 (Mg), 0.01 (Mn), 0.1 (Se) and 0.4 (Zn). Total metal
concentrations in liver (ppm) are provided on a dry weight basis (ug-g™* dw). Proportion of
metal in each fraction is expressed as a percentage of the sum of the concentrations of all
fractions. As it was not present in all of the liver samples, the storage lipids fraction was not
taken into account in the calculation of metal partitioning. Metal proportion in this fraction
was express as a percentage of the total metal concentration in liver. The comparison
between the sum of the metal concentrations measured in the all fractions including lipids

and the total metal concentration in liver was 96 + 8 %.

Data analysis

All of the data submitted to the statistical tests were first checked for normality (Shapiro-
Wilks test) and homogeneity of variances (Bartlett test). When these conditions were

verified raw data were used, otherwise non-parametric analogues were used. One-way
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ANOVAs followed by Tukey’s HSD tests, and Kruskal-Wallis tests followed by Conover-Iman
multiple comparison tests with Bonferroni’s adjustment method were performed to test
differences between conditions and species. All of the statistical analyses were performed

using the free software R (R Core Team, 2016).

Results and Discussion

Impact of Cadmium exposure on Cadmium and essential metals partitioning

Cadmium Exposition

In the present study, while hepatic Cd concentration increased in both species following
dietary Cd exposition (see Supporting Information), no modification was observed in Cd
subcellular partitioning in the liver of both species, as revealed by the similar Cd proportion
held by each fraction between control and exposed fish within a same species (Table 1).
These results go against the spillover hypothesis which postulates that toxic metals would be
sequestered in sensitive fractions only when binding capacities of detoxified fractions are
exceeded (McGeer et al.,, 2011a). Accordingly, many studies showed that there is no
threshold exposure concentration below which Cd bound to sensitive fractions was not
observed in wild fish (Campbell et al., 2008; Fan et al., 2015; Giguére et al., 2006).

Because Cd presents similar chemical properties with other divalent cations like Ca, Cu, Fe
and Zn, it can disturb essential metals homeostasis, mainly by competing for metal channels
or transporters and intracellular binding sites (Martelli et al., 2006; McGeer et al., 20113;
Moulis, 2010). Cd exposure was thus shown to interact with transport and storage of various
metals in fish (Baldisserotto et al., 2005; Kwong et al., 2010), leading to modifications of
essential element levels in the whole tissues as well as in subcellular fractions (Kamunde and
MacPhail, 2011a, 2011b). Here, no modification due to Cd accumulation was either found in
essential element concentrations in the liver of the two species (see Supporting
Information). It suggests that for this environmentally realistic exposure condition, Cd
concentration was not high enough to inhibit uptake and accumulation of other metals

considering the whole organ.

91



At the cellular level, some modifications were meanwhile observed regarding elemental
partitioning due to Cd exposition. Various biomolecules specialized in handling of essential
metals can represent ligands for this toxic element. Among them, organelles constitute
important sites for sequestration and transport of Zn (Maret, 2011). Consequently, the
decrease of Zn proportion (from 18 + 3.9 % to 6.7 + 5.2 %) observed in the organelles
fraction after Cd exposure in the hepatic cells of the sole might be due to Zn replacement by
Cd ions as already observed in experimental (Kamunde and MacPhail, 2011a) and field
studies (Dallinger et al., 1997). The Se proportion also decreased (from 19.4 £ 6.9 % t0 6.7 £
3.2 %) in the sole organelles fraction after Cd exposure. It has been demonstrated that
Endoplasmic reticulum (ER), which is part of the organelles fraction, can be subjected to Cd
toxicity trough inhibition of ER-resident selenoproteins expression (Zhao et al., 2014). The
decreasing Se proportion in the organelles fraction may thus reflect a reduction in the ER

selenoprotein concentration due to Cd toxicity.
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Subcellular partitioning (%)

Total metal (ppm) Organelles MRG MTLP

Species Time Element Control Exposed Control Exposed Control Exposed Control Exposed
Cd 0.5%0.2 149+3.0 | 6.2£53 27+28 26+0.7 45%2.6 64+3.8 585%95
Ca 481+395 684+19.3| 11.2+9.2 9.1%9.3 |[525+17.0 40.0+345| 15+78 16.2+7.8
Cu 10.7+6.8 9.9+2.0 7.0+£6.0 34+3.6 6.3+£2.2 8.6+53 61+3.2 52.6+9.8

. Fe 50.0+32.3 27.8+6.6 (41.7+26.0 34.7+233| 88+39 17.6+123| 56+3.1 41+03
Cd Exposition Mg 109.0+54.6 88.8+19.0|21.3+20.5 10.4+14.8( 10.0x4.2 20.2+14.6|47.1+11.8 41242
Mn 0.6+0.3 04+01 |23.2+18.2 147+20.7| 100+2.0 209154 | 40.7+8.1 31.1%5.38
Se 0.3+0.1 0.5+0.3 |21.7+151 13.6+14.8| 4.0+0.6 9.8+6.2 | 20.6+3.1 16.1+2.6
Zn 16.0£1.7 223%129|199+17.0 135+16.6| 26+04 10.7+6.9 | 28.8+54 259%6.5
D. labrax Cd 0.3+0.0 7.2+0.7 | 20.1+09 154+47 | 1303 16+0.7 | 53.7+1.4 61.8+5.6
Ca 9+24 25.8+29.0|18.4+16.3 129+3.1 |53.8+428 69.3+4.1 [13.2+12.6 9.6+3.7
Cu 8+1.2 10.1+18 | 20.2+x1.2 165+48 | 2407 25+13 | 53.2+12 59.8+59

. Fe 18.6+29 20.7+34 | 56.6+x1.2 60.6+12.8| 2.7x0.5 31+15 6.7+20 8383
Depuration Mg 57.5+34 625%0.7 | 421+1.0 403+54 | 3.8+13 42+11 | 33.7+£1.8 38.8+%57
Mn 03+0 03+00 | 38.2+23 377+42 | 58+26 6.1+0.7 | 29.3+19 3345
Se 02+0 0.3+00 | 31.7+12 28455 | 3.1+03 39+10 | 16.6+0.1 186%3.1
Zn 123+13 13.0+2.0 | 281+0.8 235+50 | 1.5%0.1 1.5+0.2 | 21.1+1.9 27.7%21

Cd 0.8+0.2 10.1+1.9 | 153+33 54%56 | 104+3.7 259+116| 9.6+1.2 9.210.1
Ca 69.2+49.1 425%39.7| 6.7+1.8 83+11 |36.2+10.5 413+279| 23.2+69 18.6%5.0

Cu 75.7+32.1 66.0+x356| 144+15 82+44 | 11.8+24 284+143| 16+13 22z*19

. Fe 10.7 4.7 83+25 | 13.8+29 12.1+3.7 | 14826 26.7+14.0| 49205 7954

Cd Exposition Mg 121.0+20.7 86.5+119| 6.2+23 32+23 | 16.8+45 30.2+14.2| 39.4+35 40%55
Mn 1.0+0.0 1.2+0.1 82+19 38+3.7 | 19.0+26 375+182| 26.6+3.2 26.8%1.2

Se 1.4+0.5 1.6+05 | 19.4+6.9 6.7+3.2 54+19 134+80 | 75+40 76+31

Zn 115+18 143+17 18+3.9 6.7 +5.2 6.7+£30 154+56 | 18918 21+0.7

S. senegalensis

Cd 1.0+0.4 10.0+2.8 | 37.3+59 51.5+48 | 164+9.0 9.2%5.1 39+24 41122
Ca 81.1+576 16.5%+3.6 |28.3+10.2 39.5+14.7|37.7+169 32.6+13.7| 17.5+2.0 135%23

Cu 529+28 47.4+21 | 366+63 493+76 | 169+9.6 8.1+28 39+33 6834

. Fe 48+04 6.1+20 | 30.1+24 41.2+1.4 | 169+3.2 9.2*+2.6 89+13 68+13
Depuration Mg 91.1+20.7 82+6.9 36.5+6.4 52.1+3.4 | 13.6+2.7 7.7+13 | 286+29 23+43
Mn 1.2+0.2 1.2+0.1 | 36.8+3.7 49.4+18 | 16.8+3.0 10.3*1.5 23+4.2 20.1+28
Se 1.0+0.0 09+0.1 | 328+39 43.6+6.8 | 106+6.8 5814 | 11.6+x29 123z+15

Zn 9.7+1.7 11.7+24 | 31.4+3.2 43.3%4.1 | 106+7.0 7.4+22 58+05 4609

Table 7 Total metal concentration (ppm dry weight, mean * sd) and subcellular partitioning (% of
the total metal contained in each fraction, mean * sd) of metal elements after 60 days of Cd
dietary exposition and after 60 days of depuration in the liver of the sea bass Dicentrachus
labrax and the senegalese sole Solea senegalensis for both conditions (exposed and control
fish). Values are shown only for organelles, metal rich granules (MRG) and metallothionein like
proteins (MTLP) fractions where metal repartition significantly differed between control and
exposed fish (values in bold; ANOVA, p < 0.05). No difference between control and exposed fish
was found in total metal concentration in the liver of both species, neither in metal repartition
in cellular debris, mitochondria and heat denaturable proteins (HDP) fractions (see Supporting

Information).
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Depuration

While very few changes in metal partitioning were found during Cd accumulation, Cd
elimination from liver led to more disturbances (Table 1).

First, Cd proportion increased in the organelles fraction (from 37.3 £5.9 % to 51.5 + 4.8 %) in
the liver of the sole at the end of the depuration period. Organelles fraction gathers cellular
components involved in the vesicular transport which is a major pathway for extracellular
excretion: Golgi apparatus (GA), endoplasmic reticulum (ER) and lysosomes. ER manages the
sequestration of molecules and their binding to excretory proteins which are transported
trough GA and cytosol by vesicles (among which lysosomes) and finally excreted across the
plasma membrane. Increasing Cd occurring in the organelles fraction during depuration
period might be the reflect of Cd exocytosis via vesicles, which lead to total Cd elimination
from the liver tissue as described in sole in a previous study (Le Croizier, 2017).

Second, Cd exposure followed by depuration period also led to a displacement of essential
elements (i.e. Fe, Mg, Mn and Zn) from metal rich granules (MRG) to organelles in the sole
liver (e.g. Fe proportion increased from 30.1 + 2.4 to 41.2 + 1.4 % in organelles while
decreased from 16.9 + 3.2 % t0 9.2 £ 2.6 % in MRG). MRG are inorganic insoluble concretions
containing mainly Ca phosphate in marine organisms (George et al., 1980), as highlighted by
the high proportion of Ca in the MRG fraction in both species (69.3 + 4.1 % and 32.6 + 13.7
% for sea bass and sole respectively, during depuration period). These structures can play an
important role in accumulation and detoxifying of metals in fish (Lapointe et al., 2009b;
Leonard et al., 2014).

The increasing proportion of Cd and essential metals in organelles coinciding with a decrease
of essential metals in MRG may be caused by sequestration of MRG by ER, which is part of
the organelles fraction. This hypothesis seems reasonable since MRG in our species
contained the highest proportion of Ca and ER is highly involved in Ca storage (Gorlach et al.,
2006). Ca supplementation in fish diet has furthermore been shown to increase Cd in MRG
while decrease in organelles (Ng et al., 2009). Although the authors did not conclude that
way, our assumption is that increasing cellular Ca concentration will reduce the probability

for Cd bound to calcium granules to be sequestrated by ER during Ca uptake. The changes in
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essential metal cellular repartition would thus be a side effect of Cd transport from MRG to
organelles (i.e. ER, GA and vesicles in this order) before final exocytosis.

Conversely, no change in Cd partitioning was observed in the sea bass liver despite effective
Cd elimination and biliary excretion also occurred in this species during depuration period
(Le Croizier, 2017). In mammals, Cd bound to glutathione (GSH) was shown to be excreted
from hepatocytes to bile while Cd bound to metallothionein (MT) would be released into
blood before to reach other organs like kidney (Ballatori, 1991; Chan et al., 1993; Klaassen,
1978; Nordberg, 1978). In fish, MT were reported in bile (Hauser-Davis et al., 2012c) and
were shown to transport metal during biliary excretion in Cu and Se-exposed fish (Hauser-
Davis et al., 2016, 2014b). As more than half of the Cd (e.g. 58.5 £ 9.5 % during exposition
period) was bound to HSP regardless of time and condition in the sea bass (Table 1), it might
suggest that Cd complexed to components of the HSP fraction (i.e. MTLP or GSH) was
excreted directly from cytoplasm to bile or blood without passing through another cellular
compound.

This elimination of Cd-saturated MT may lead to a new pool of free MT which would be
available for binding other metals. In accordance with the well identified large Zn-binding
capacities of MT and the competition between Cd and Zn (Maret, 2011; Moulis, 2010), MT
turnover during exocytosis of Cd-MT complexes may have enhanced Zn binding to newly-
synthesized MT, as suggested by increasing proportion of Zn (from 21.1 £+ 1.9 % to 27.7 £ 2.1
%) in HSP fraction after depuration period (Table 1).

Finally, it should be noticed that more disturbances in metal homeostasis were observed
following Cd exposition in the sole liver, indicating a greater sensitivity to Cd toxicity by

interference with essential elements in this species than in the sea bass.

Link between subcellular Cadmium handling and Cadmium toxicity in both species

In the two fish species, the most part of Cd was found in a detoxifying fraction (MRG or HSP)
but followed two different patterns. Sea bass presented more Cd bound to HSP (58.5 + 9.5 %

in sea bass versus 9.2 + 0.1 % in sole) whereas Cd was more linked to MRG in sole (25.9 +

11.6 % versus 4.5 £ 2.6 % in sea bass) (Table 8 and Figure 19).
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Figure 19 Cadmium (Cd) and essential metals subcellular partitioning (% of the total metal contained in each fraction) in the liver of the sea bass
Dicentrachus labrax and the Senegalese sole Solea senegalensis after 60 days of dietary Cd exposition (left panels) and after 60 days of depuration
(right panels). BAM: biologically active metal pool. BIM: biologically inactive metal pool. Cellular debris fraction is not shown as it does not belong to
BAM nor BIM, but was taken into account in the calculation of the partitioning (for Cd proportions in Cellular debris, see Supporting Information).

“*” indicates significant difference between species (ANOVA; * p < 0.05, ** p < 0.01, *** p < 0.001).
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Despite these different storage strategies, the biologically inactive metal (BIM) pool was
similar between species (31.5 £ 30.2 % and 17.6 £ 11.7 % for sea bass and sole respectively)
implying the same resistance to Cd toxicity (Table 2). On the other hand, while more than
half of the Cd (61.8 £ 5.6 %) was still bound to HSP in the sea bass after depuration period,
Cd partitioning in the sole evolved compared to exposition period, leading to greater
biologically active metal (BAM: 24.8 £ 21.2 %) pool compared to BIM (6.7 £ 4.5 %) in this
species. The different storage strategies implying the different supposed ways for Cd
exocytosis discussed above (i.e. direct transport of MT-bound Cd to the membrane in sea
bass versus passing of MRG-bound Cd trough RE and GA before excretion by vesicle in sole),
may thus be responsible for a greater sensibility of sole to Cd toxicity (Figure 20).

When present, storage lipids fraction accounted for a non negligible part of the internalized
Cd in liver (29.3 £ 9.8 % in control sole and 26.7 £ 10.8 % in control sea bass after exposition
period) (see Supporting Information). Cd is known to stimulate lipid peroxidation process,
defined as oxidative deterioration of polyunsaturated fatty acids and resulting in alteration
of cell membranes (Roméo et al., 2000; Viarengo et al., 1989). Cd binding to this fraction
may thus cause oxidation of neutral lipids, preventing their use in membrane structure. Cd
was also shown to reduce efficiency of lipid storage increasing utilisation of triglycerides,
finally leading to a lower body weight growth in exposed fish (Pierron et al., 2007). Although
no growth impairment was observed according to length measurement and HSI calculation,
a significant weight decrease was found in Cd-exposed soles compared to controls (38.8 +
5.6 g vs 46.0 + 7.2 g respectively) (Table 3). Moreover, storage lipids fraction was never
found in the liver of Cd exposed soles in both sampling times (see Supporting Information).
In addition to the disturbances in essential metal homeostasis, the greater sensitivity of the
sole to Cd toxicity was thus revealed by an alteration of the whole-body condition due to fat

consumption.
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Cd Exposition Depuration
BAM BIM BAM BIM

D. labrax 749 |315+30.2 | 10.8+4.3 | 31.7+33.2
S. senegalensis | 3.2+3.6 | 17.6+11.7 | 24.8+21.2 | 6.7+4.5

Table 8 Subcellular partitioning (% of the total metal contained in each metal pool, mean # sd) of
metal elements after 60 days of Cd dietary exposition and after 60 days of depuration in the
liver of the sea bass Dicentrarchus labrax and the senegalese sole Solea senegalensis. BAM:
biologically active metal pool (i.e. sensitive fractions); BIM: biologically inactive metal pool (i.e.
detoxifying fractions). Values in bold indicate significant difference between BAM and BIM
(ANOVA, p < 0.001). No difference between species was found for a same metal pool (BAM or
BIM) and condition (Cd Exposition or Depuration).

Species Condition | Length (mm) | Weight (g) HSI

Control 169.7+12.6 | 50.1+£11.0 | 1.7+£0.3
Exposed 165.3+9.3 422+80 | 1.6+04
Control 163.2+8.4 | 46.0+t7.2 | 1.3+0.4
Exposed 158.4+6.0 | 38.8%+5.6 | 1.2+0.3

D. labrax

S. senegalensis

Table 9 Length (mm), weight (g) and hepatosomatic index (HSI) (mean * sd) of the sea bass
Dicentrarchus labrax and the senegalese sole Solea senegalensis after 60 days of Cd dietary
exposition for both conditions (exposed and control fish). Values in bold indicate significant
difference between control and exposed sole (ANOVA, p < 0.05). No difference between
conditions was found for length and HSI for a same species.
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Solea senegalensis
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Figure 20 Subcellular Cd dynamics in hepatocytes of the sea bass Dicentrachus labrax and the Senegalese sole Solea senegalensis. Only the two main
mechanisms of Cd handling are represented: binding to metallothionein in sea bass and binding to granules in sole. 1: Excretion of Cd/MT complexes
trough MT transporters; 2: Release in blood; 3: Release in bile; 4: sequestration of metal rich granules by endoplasmic reticulum; 5: damages due to

Cd toxicity; 6: vesicular transport; 7: vesicular exocytosis.
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Essential metals protection against Cadmium toxicity in both species

One of the main mechanisms for Cd cellular toxicity is the induction of oxidative stress by
production of oxygen free radicals (Almeida et al., 2002; Roméo et al., 2000). On the other
hand, some elements are essential for activity of antioxidant enzymes like glutathione
peroxidases (GPx), catalases (CAT) and superoxide dismutases (SOD), which respectively
contain Se, Fe and Mn-Cu-Zn as cofactor (Vural et al., 2010). These enzymes are highly
involved in preventing oxidative stress in fish (Basha and Rani, 2003; Janz, 2011; Martinez-
Alvarez et al., 2005). For instance, oxidative stress caused by Cd was reduced by Se
treatment in the liver of the rainbow trout (Talas et al., 2008). Beside from the well
documented role of Se in the detoxification of mercury (Hg) trough formation of Hg-Se
complexes (Khan and Wang, 2009; Pelletier, 1986), it has been suggested that Se could also
complex to Cd and subsequently bind to a selenoprotein P, thus reducing Cd availability and
toxicity (Sasakura and T. Suzuki, 1998; Rosario Siscar et al., 2014). The resistance of a species
regarding Cd toxicity might thus depend for part on the level of elements enhancing
antioxidant response or able to complex Cd. The two fish species investigated in our study
presented some differences in hepatic concentrations of such elements (Figure 21). While
the sea bass liver contained more Fe (27.8 + 6.6 ppm in sea bass vs 8.3 + 2.5 ppm in sole),
sole showed higher amounts of Cu, Mn and Se (e.g. 66 + 35.6 ppm of Cu in sole vs 9.9 £ 2.0
ppm of Cu in sea bass) (see Supporting Information and Figure 21). Regarding essential metal
concentrations, the two species seems thus to possess contrasting defense capabilities,
involving different antioxidant enzymes.

Despite higher levels of Cd in two sensitive fractions in sea bass (ie. 12 + 4.2 % in
mitochondria and 6.3 + 1.8 % in cytosolic HDP) compared to sole (3.8 £+ 1.2 % in
mitochondria and 0.5 + 0.0 % in HDP) after Cd exposition, the former also contained more
antioxidant metals (Cu, Se and Zn) in theses fractions (e.g. 12.3+3.7 % vs 3.2 £ 0.2 % of Cu in
mitochondria for sea bass and sole respectively) (Figure 19, left panels). Similarly, large
proportions of Cu, Mg, Mn, Se and Zn were observed alongside the higher Cd proportions in
two sensitive fractions (i.e. 51.5 + 4.8 % in organelles and 18.8 + 1.1 % cytosolic HDP) found
after depuration in sole compared to sea bass (15.4 + 4.7 % in organelles and 9.0 £ 1.4 % in
HDP). As the three types of antioxidant enzymes (GPx, CAT, SOD) are all found in cytosol,

mitochondria and organelles (Bai et al., 1999; Martinez-Alvarez et al., 2005; Orbea et al.,
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2000), the fact that essential metals followed Cd distribution in sensitive fractions might
reflect their mobilization to activate antioxidant defenses and concur to prevent Cd damages

upon cellular components.

Species
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Figure 21 Total essential metal concentrations (log transformed values, ppm dw) in the liver of
the sea bass Dicentrachus labrax and the Senegalese sole Solea senegalensis after 60 days of
dietary Cd exposition. “*” indicates significant difference between species (ANOVA; * p < 0.05,
** p < 0.01, *** p < 0.001). No difference was found in total essential metal concentrations
between control and exposed fish of a same species (see Supporting Information).

Link between Cadmium partitioning and hepatic excretion

In a previous study, higher MT concentration alongside higher Cd biliary excretion and
relocation to muscle were found in sea bass, suggesting that MT level would enhance Cd
excretion from the liver (Le Croizier, 2017). Even if Cd was also excreted from sole
hepatocytes, Cd elimination seemed higher in the sea bass (not significant) since 60 % of the
Cd in liver was eliminated in this species after two months of depuration versus 40 % in the
sole. Regarding subcellular partitioning, two main mechanisms were likely to give the sea

bass a greater Cd elimination from hepatocytes.
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First, the large proportion of Cd bound to HSP might facilitate biliary excretion via transport
of Cd/GSH complexes trough a specific transporter of GSH present in the canalicular
membrane (Zalups and Ahmad, 2003), or via transport of Cd/MT complexes as suggested by
recent observations of MT in bile of metal-exposed fish (Hauser-Davis et al., 2016, 2014b,
2012c) (Figure 20).

Second, transport of Cd/MT trough plasma membrane in the sea bass might be faster than
vesicular exocytosis occurring in sole. Even if MT release from various organs to blood has be
proved, the mechanism for epithelial transport of MT is not known (Chan et al., 1993;
Moltedo et al., 2000), as well as that for Cd/MT complexes transport (Moulis et al., 2014;
Saboli¢ et al., 2010; Zalups and Ahmad, 2003). MT seem however not to be released by the
classical vesicular secretory pathway while transport across membrane must occur directly
from the cytoplasm to the exterior of the cell trough ATP-binding cassette transporters (ABC
transporters) (De Lisle et al., 1996) (Figure 20). Conversely, vesicular exocytosis of MRG-
derived Cd in sole must imply successive steps including fusion of vesicle and plasma
membranes. During this process, Cd might be retained for some time into plasma
membrane, as suggested by higher Cd proportion in the cellular debris fraction observed in
sole compared to sea bass (55.2 + 5.3 % in sole vs 16 £ 10.6 % in sea bass after Cd exposition)

(see Supporting Material).
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Influence de l'écologie trophique sur la
bioaccumulation des meétaux chez les
poissons marins, déeduite de ['analyse
des isotopes stables et des acides gras
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bioaccumulation in marine fish: Inference from stable isotope and fatty acid
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1. RESUME

L’assimilation des métaux par les consommateurs marins a principalement lieu par voie
trophique (Creighton et Twining, 2010a; Mathews et Fisher, 2009a). De par la grande
diversité de concentrations métalliques retrouvées parmi les organismes marins, le type de
proies consommeées par les poissons constitue un parameétre déterminant dans leur
exposition aux métaux (Metian et al., 2013). Certaines espéces se caractérisent par un
régime alimentaire opportuniste, pouvant conduire a une forte variabilité intraspécifique en
termes de bioaccumulation (Das et al., 2000). Les isotopes stables de I'azote et du carbone
(IS) sont couramment utilisés pour évaluer la niche trophique des espéces marines,
permettant de déterminer le niveau trophique via le calcul du 8N et de discriminer des
habitudes alimentaires benthiques versus pélagiques ou coétieres versus océaniques via le
8C (Layman et al., 2012). Les IS ne permettent cependant qu’une vision en deux
dimensions et peuvent présenter des limites dans la caractérisation de sources pourtant
différentes mais aux signatures isotopiques trop proches. Ainsi, leur couplage a I'analyse des
acides gras (AG) des lipides de réserve est de plus en plus utilisé dans I'étude de I'écologie
trophique des poissons marins (Farias et al., 2014; Stowasser et al., 2012).

Ce chapitre se propose de déterminer le degré d’exposition aux métaux de poissons
provenant du courant des Canaries, en fonction de leurs préférences alimentaires
individuelles. Deux sites contrastés en termes de pression anthropique ont été
échantillonnés le long des cotes du Sénégal. Alors que la région de Dakar est soumise a des
rejets métalliques urbains et industriels (Diop et al., 2015), la Casamance est présumée
moins impactée par les activités humaines. Les concentrations en 13 éléments métalliques
ont été mesurées dans le foie de 6 especes différentes pour chaque station. Au sein de
chaque site, 3 groupes trophiques ont été établis sur la base des compositions isotopiques
(mesurées dans le muscle) et lipidiques (mesurées dans le foie) des individus.

Pour de nombreux éléments métalliques, les informations apportées par les IS et les AG ont
confirmé le lien entre composition des proies et exposition, déduite des concentrations en
métaux accumulés. Les AG ont cependant permis une meilleure caractérisation des voies de

transfert trophique des métaux comparé aux IS. Dans la région soumise aux rejets
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anthropiques, |'exposition métallique des poissons passe majoritairement par la
consommation de proies benthiques alors que dans la région moins impactée, les proies
pélagiques représentent également un vecteur de contamination. Ces résultats montrent le
forcage des activités anthropiques sur les voies de transfert des métaux au sein des
écosystémes marins, avec dans le cas de Dakar, une contamination des sédiments cotiers
entrainant une entrée des éléments dans le réseau trophique par le biais des organismes
benthiques. Enfin, parmi les chaines trophiques pélagiques des deux sites, celles basées sur
des communautés de microphytoplancton (majoritairement des diatomées et dinoflagellés)
augmentent le transfert métallique jusqu’aux poissons, en comparaison des chaines
soutenues par des espéces nano et picoplanctoniques. Cette observation semble résulter de

différences d’assimilation des métaux entre les consommateurs primaires a la base des

réseaux trophiques pélagiques (Twining et al., 2015; Twining et Baines, 2013).
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Abstract

The link between trophic ecology and metal accumulation in marine fish species was
investigated through a multi-tracers approach combining fatty acid (FA) and stable isotope
(SI) analyses on fish from two contrasted sites on the coast of Senegal, one subjected to
anthropogenic metal effluents and another one less impacted. The concentrations of
thirteen trace metal elements (As, Cd, Co, Cr, Cu, Fe, Li, Mn, Ni, Pb, Sn, U, and Zn) were
measured in fish liver. Individuals from each site were classified into three distinct groups
according to their liver FA and muscle SI compositions. Trace element concentrations were
tested between groups revealing that bioaccumulation of several metals was clearly
dependent on the trophic guild of fish. Furthermore, correlations between individual trophic
markers and trace metals gave new insights into the determination of their origin. Fatty
acids revealed relationships between the dietary regimes and metal accumulation that were
not detected with stable isotopes, possibly due to the trace metal elements analysed in this
study. In the region exposed to metallic inputs, the consumption of benthic preys was the
main pathway for metal transfer to the fish community while in the unaffected one, pelagic
preys represented the main source of metals. Within pelagic sources, metallic transfer to fish
depended on phytoplankton taxa on which the food web was based, suggesting that
microphytoplankton (i.e., diatoms and dinoflagellates) were a more important source of
exposition than nano- and picoplankton. This study confirmed the influence of diet in the
metal accumulation of marine fish communities, and proved that FAs are very useful and

complementary tools to Sls to link metal accumulation in fish with their trophic ecology.

Keywords Trace elements, biochemical tracers, diet, contamination, Senegal, tropical fish.
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Introduction

Increasing concerns regarding metal contamination in marine ecosystems, from both natural
and anthropogenic sources, require a better comprehension of the mechanisms that drive
their accumulation in organisms. Marine fish are exposed to metals via two major pathways,
and even if they can assimilate dissolved metals through their gills (Jeffree et al. 2006), the
main pathway is thought to be through feeding (Mathews and Fisher 2009). Because marine
organisms display a wide range of accumulation patterns, trophic metal inputs therefore
depend on the type of prey consumed by marine fish. Furthermore, it has been reported
that fish sharing the same habitat do not necessarily share the same levels of metal
accumulation (Barhoumi et al., 2009; Siscar et al., 2013), which suggests that considering the
feeding habitat (e.g., benthic vs. pelagic and coastal vs. oceanic) of fish is not a sufficient
approach to understand how metals are introduced to fish communities. More accurate
methods aiming to characterise the trophic ecology of fish communities are therefore
necessary to understand the factors affecting metal bioaccumulation. Studies investigating
the link between trophic ecology and metal bioaccumulation report that an organism’s
metal content is not only dependant on trophic groups, but that this relationship is variable
according to the metal considered (Domi et al., 2005; Metian et al., 2013). Moreover, some
species can present intraspecific differences in diet, which are reflected in metal
accumulation (Das et al., 2000). This highlights the need to apply trophic studies at the

individual level to better understand the bioaccumulation drivers.

Over recent years, stable isotope analysis has become a very popular approach to
investigate the structure of marine food webs (Valiela, 2015). Among the different strengths
of this method for fish communities is the possibility to characterise trophic levels using
nitrogen isotopes (6"°N) or to discriminate benthic vs. pelagic or continental vs. oceanic
inputs to the food webs using carbon isotopes (6C).

Because stable isotope analysis only provides a two-dimensional discrimination and
sometimes fails to discriminate among isotopically similar sources, coupling this approach
with fatty acid (hereafter FA) composition analysis has recently been suggested as a solution
for a thorough understanding of marine fish trophic ecology (Stowasser et al., 2009;

Couturier et al., 2013; Farias et al., 2014). Because different primary producers synthesise

110



different fatty acids and consumers cannot efficiently synthesise them, the composition of
FAs reflects the basis of food webs. FA composition analysis has therefore allowed
identification of the respective roles of diatoms, dinoflagellates, bacteria or plant detritus in
marine food webs (Dalsgaard et al., 2003; Kelly and Scheibling, 2012). Although a number of
studies linking stable isotope composition with metal-exposed species have been published
(Das et al., 2000; Domi et al., 2005; Chouvelon et al., 2012; Pethybridge et al., 2012), to our
knowledge, no study has ever tried to link the metal content in fish tissues with FA trophic
markers, except for mercury (McMeans et al., 2015). Furthermore, in contrast to stomach
content analysis, these tracers can provide time-integrated information on the dietary habits
of the fish for the last few months (Buchheister and Latour, 2010; Beckmann et al., 2014).
This time scale is thus more relevant to study the chronic trophic metal exposition because
trace elements can take several weeks to accumulate (Berntssen et al., 2001; Kim et al.,

2006).

To investigate the link between trophic ecology and metal accumulation, a case study of the
Canary Current Large Marine Ecosystem (CCLME) in Western Africa was chosen. This
ecosystem is one of the world’s major cold-water upwelling currents and includes several
countries from Morocco to Guinea including Senegal. It ranks third in the world in terms of
primary productivity (Chavez and Messié, 2009) and supports one of the largest fisheries
among African large marine ecosystems. These fisheries provide food to local populations
but also to foreign countries through the attribution of fishing licences and exportation. This
marine ecosystem is prone to metal contamination due to urban effluents and industrial
activities (Auger et al., 2015; Diop et al., 2015), including phosphate extraction, which is of
special importance for this region (Jasinski, 2015).

Although metals of anthropogenic origin are known to accumulate in marine sediments, they
can become available to marine organisms through resuspension processes, in particular due
to upwelling activity. Several studies have reported the presence of metals, such as
cadmium, in invertebrates from Morocco (Banaoui et al., 2004), Mauritania (Everaarts et al.,
1993; Sidoumou et al., 1999) and Senegal (Bodin et al., 2013). Concerning fish communities,
although some data are available for the northern part of the CCLME (Roméo et al., 1999;
Sidoumou et al., 2005; Chahid et al., 2014), only recent studies have investigated the metal

content in fish from the coast of Senegal (Diop et al., 2016a, 2016b). Improved knowledge in

111



this area is of special importance because coastal sediments and waters from this area are
known to be impacted by toxic metals such as cadmium, chromium, nickel and lead (Diop et

al., 2012, 2014; Bodin et al., 2013; Diop et al., 2015).

In the present study, a multi-tracers approach combining fatty acid and stable isotope
analyses was used to investigate the trophic ecology of different fish species from the coast
of Senegal. In addition, a metal content analysis was performed on the liver, which is known
to be an organ highly involved in metal bioaccumulation by marine fish (Berntssen et al.,
2001; Kim et al., 2006; Siscar et al., 2014).

The main objective of this work was to study the repartition of metals between different fish
groups characterised by different trophic marker compositions. In addition, correlations
between these tracers and trace metal elements were investigated to better understand the

pathways leading to the contamination of fish communities.

Material and methods

Study area and sampling

Two sites that were presumed to be impacted differently by metallic contamination were
selected (Fig. 1).

The first one was located in the offshore area of Dakar Bay, where urban and industrial
wastewaters are directly discharged into the bay (Diop et al., 2012, 2014; Diop et al., 2015).
The second one was located off the Casamance River Estuary, at the extreme southern area
of Senegal. Although there are no existing data on metal concentration in marine organisms
for this region, this place was considered to be less impacted because of the absence of large
cities and/or significant industrial activity.

The samples were collected during the AWA project (Ecosystem Approach to the
management of fisheries and the marine environment in West African waters) scientific
cruise in March 2014 aboard the RV Thalassa. The fish were caught with a bottom trawl net,
packed in plastic bags and frozen on board at -20 °C. Once at the laboratory, the fish were
weighed (wet weight) and measured (total length) (Table 1). They were then dissected with
ceramic tools to avoid metal contamination, and the liver and a piece of dorsal muscle (a
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standardised cut on the dorsal muscle just behind the head) were collected. The liver was
split into two samples, one for trace metal analysis and one for the fatty acid composition
analysis. Stable isotope analyses were conducted on dorsal muscle samples only. Five

replicates were analysed for each species and for each type of analysis.
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Figure 22 A map showing the two sample stations along the coast of Senegal.
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Station Family Species TL | n |Total length (cm)| Wet weight
Dakar Sparidae Boops boops 3 5 18.7+1.6 63.7+2.2
Carangidae Caranx rhonchus 36 | 4 199+1.4 91.3+13.1
Sparidae Diplodus bellottii 35| 5 21.1+1.8 77.9+8.7
Mullidae Pseudupeneus prayensis | 3.2 | 5 214+1.1 120.6 £ 15.0
Scombridae Scomber japonicus 34 |5 16.2+0.6 329+5.2
Carangidae Trachurus trecae 35| 5 21.8+0.4 100.0+4.8
Casamance Haemulidae Brachydeuterus auritus 3 5 20.8+0.4 127.0+£5.0
Carangidae Chloroscombrus chrysurus | 3.5 | 5 203+1.2 72.2+10.6
Carangidae Caranx rhonchus 36 | 5 329+3.0 334.4 +68.8
Polynemidae Galeoides decadactylus 36 | 5 176113 63.0+16.1
Carangidae Selene dorsalis 41 | 5 24.4+1.3 170.0+£22.7
Sphyraenidae Sphyraena guachancho 44 | 5 34.4+33 197.0+53.6

Table 10 Summary (mean #* standard deviation) of the biological parameters of fish from Dakar
and Casamance. TL: trophic level (Froese and Pauly, 2016); n: number of individuals; Total length
in cm; Wet weight in g.

Trace metal analysis

Liver samples for trace metal analysis were freeze-dried, ground, and stored in individual
plastic vials. Approximately 80 mg of the dried samples were digested in a mixture of 7 ml of
70 % HNO3 and 1 ml of 30 % H,0, (both of ultrapure quality) in Teflon vessels. Mineralization
was performed in a microwave oven (Ethos One, Milestone) during 15 min with increasing
temperature until 200 °C, followed by 15 min at 200 °C (1500 W) and 90 min of cooling. The
samples were then evaporated on a hotplate at 100 °C, resolubilised with 2 ml of HNO3 and
diluted to 50 ml with Milli-Q quality water (Merck Millipore). A total of 13 elements: arsenic
(As), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), lithium (Li),
manganese (Mn), nickel (Ni), lead (Pb), thin (Sn), uranium (U) and zinc (Zn) were analysed
using an ICP Q-MS (X Series 2, Thermo Scientific) at the Pbéle de Spectrométrie Océan (PSO,
Plouzané, France) with an internal solution of Rhodium. These elements were selected for
their reported occurrence in the marine environment of Senegal (Bodin et al., 2013; Diop et
al., 2015, 2016). Reference materials (fish protein DORM-4 and lobster hepato-pancreas
TORT-2, NRCC) were treated and analysed in the same way as the samples. The results for

reference materials displayed mean element recoveries ranging from 84 % to 132 % for
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DORM-4 and 89 % to 131 % for TORT-2. Blanks were included in each analytical batch. The
detection limits (ug-g'1 dry wt) were 0.001 (Ni), 0.003 (Co), 0.016 (As, Pb), 0.017 (U), 0.018
(Cr), 0.054 (Li), 0.133 (Cu), 0.15 (Cd), 0.19 (Mn), 0.278 (Zn), 1.61 (Sn) and 17.83 (Fe). All of

the element concentrations (ppm) are provided as a dry weight basis (ug-g™* dry wt).

Stable isotopes

The muscle samples for the analysis of stable isotopes were freeze-dried and ground into a
fine and homogeneous powder. Approximately 350 pug of powder was then weighed in tin
capsules for isotopic analysis. The samples were analysed by continuous flow on a Thermo
Scientific Flash EA 2000 elemental analyser coupled to a Delta V Plus mass spectrometer at
the P6le de Spectrométrie Océan (PSO, Plouzané, France). The results are expressed in
standard & notation based on international standards (Vienna Pee Dee Belemnite for 63C
and atmospheric nitrogen for 6°N) following the equation :

8"C or 8N = [(Rsample/Rstandara)=1] % 10 (in %o), where R is *C/**C or N/*N.
The samples were not delipidated, because muscle generally contains a lower amount of
lipids than other organs in fish (Njinkoué et al., 2002). However, since lipid content can
impact 82C, C/N ratios were measured. They exceeded 3.5 for a few samples
(Supplementary material) and therefore a mathematical normalisation was applied,
following the equation 8"Cpormalised = 6 Cuntreated - 3.32 + 0.99 - C/N (Post et al., 2007).
International isotopic standards of known 8"°N and 8"3C were used: IAEA-600 Caffeine, IAEA-
CH-6 Sucrose, IAEA-N-1 and IAEA-N-2 Ammonium Sulphate. A home standard (Thermo
Acetanilide) was used for experimental precision (based on the standard deviation of the
replicates of the internal standard) and indicated an analytical precision of + 0.11 %o for 53¢

and + 0.07 %o for 6°°N.

Fatty acids

Lipid extraction

After dissection, the liver samples (approximately 300 mg each) were immediately put in

glass tubes previously heated for 6 h at 450 °C and containing 6 mL of a
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chloroform/methanol mixture (2/1, v/v), flushed with nitrogen and stored at -20 °C before
analysis. The samples were then manually ground in the mixture with a Dounce homogeniser

and vortexed.

Separation

Neutral lipids were isolated following the method used by Le Grand et al. (2014). An aliquot
of total lipid extract (1 mL) was evaporated to dryness under nitrogen, recovered with three
0.5-mL washings of chloroform/methanol (98/2, v/v) and deposited at the top of a silica gel
micro-column (Pasteur pipette of 40 mm x 5 mm i.d., plugged with glass wool and filled with
silica gel 60, which were both previously heated for 6 h at 450 °C and deactivated with 6%
water by weight). Only neutral lipids (NL), including triglycerides, free fatty acids and sterols,
were eluted with 10 mL of chloroform/methanol (98/2, v/v) and collected in 20-mL glass
vials. After evaporation to a dryness under nitrogen, the NL fraction was recovered and

transferred to 7-mL vials with three 1-mL washings of chloroform/methanol (98/2, v/v).

Transesterification

After the addition of tricosanoic acid (23:0) as an internal standard and evaporation to
dryness under nitrogen, the fatty acid methyl esters (FAME) were obtained using a method
modified from Le Grand et al. (2014). A total of 0.8 mL of a sulphuric acid solution (3.8 % in
methanol) was added, vortexed and heated for 10 min at 100 °C. Before gas
chromatography analysis, 0.8 mL of hexane was added and the organic phase containing
FAME was washed three times with 1.5 mL of hexane-saturated distilled water. The organic

phase was finally transferred to tapering vials and stored at -20 °C.

Gas chromatography analysis

FAMEs were analysed in a Varian CP 8400 gas chromatograph equipped with a split/splitless
injector and a flame-ionization detector. FAMEs were identified using two different capillary
columns (ZBWAX - 30 m x 0.25 mm i.d., 0.25-um thickness, Phenomenex; and ZB-5HT - 30 m

x 0.25 mm i.d., 0.25-um thickness, Phenomenex) by means of a standard 37-component
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FAME mix (Sigma) and other known standard mixtures. The FAs were expressed as the molar

percentage of the total FA content.

Data analyses

Only FAs accounting for 2 0.5 % of total FA in at least one fish sample were included in the
data analyses. The groups inferred by stable isotope and fatty acid analyses were derived
from the result of a hierarchical cluster analysis (Ward’s clustering method). Similarity of
percentages analyses (SIMPER) were used to identify the fatty acids that were the most
discriminant between the groups. Principal component analyses (PCA) were performed to
investigate the variation in fatty acids profiles between individual fish from the same
community. The groups derived from the result of the clustering and FAs accounted for
more than 75 % of the dissimilarity contribution between the groups in the SIMPER routine
and were shown in the PCA.

All of the data submitted to the statistical tests were first checked for normality (Shapiro-
Wilks test) and for homogeneity of variances (Bartlett test). When these conditions were
satisfied, parametric tests were used in the subsequent analysis; otherwise, non-parametric
analogues were used. Pearson and Spearman correlation coefficient tests were used to
investigate the correlation between the variables (stable isotopes, fatty acids and metal
concentrations). Significance of the RV correlation coefficient, which is a multivariate
generalisation of the Pearson correlation coefficient, was tested by permutation to measure
the closeness of the Sl and FA matrices.

One-way ANOVAs followed by Tukey’s HSD tests, and Kruskal-Wallis (KW) tests followed by
Conover-Iman multiple comparison tests with Bonferroni’'s adjustment method, were
performed to test differences between groups in muscle §°C and 8N values, and in metal
concentration for each element. All of the statistical analyses were performed using the free

software R (R Development Core Team 2010).
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Results

Stable isotopes

The stable isotope (6*C and 6'°N) composition of fish from the region of Dakar highlighted
three main groups (Fig. 2A). These three groups were significantly different in their 8°N (KW
test, p < 0.001). The first one contained only individuals of the chub mackerel Scomber
japonicus. This group displayed the lowest §*°N (from 7.8 to 8.5 %o) and lower §C (-17.2 to
-16.3 %o) than group three (ANOVA, p < 0.001).

The second group was characterised by intermediate 8°N (9.9 to 11.2 %) and also lower
8'3C (-16.7 to -14.7 %o) than group three (ANOVA, p < 0.001). This second group included all
individuals of the bogue Boops boops and the Cunene horse mackerel Trachurus trecae and
one individual of the West African goatfish Pseudupeneus prayensis. The third group showed
both the highest §°°N (11.4 to 12.9 %) and the highest 6'°C (-15.9 to -14.5 %o). This third
group included all individuals of the Senegal seabream Diplodus bellottii and the false scad C.

rhonchus, and most P. prayensis individuals.

Samples from Casamance were also classified into three groups (Fig. 2B). The first one was
mainly composed of individuals of the Atlantic bumper Chloroscombrus chrysurus and had
lower 6"3C (-17.2 to -16.0 %o) than other groups (ANOVA, p < 0.001) and lower 8N (12.3 to
13.7 %o) than group two. This last group was characterised by higher 63C (-16.2 to -14.8 %o)
than group one and higher 8'°N (14.0 to 14.7 %o) than the other groups. The composition of
this group was heterogeneous and included fish from the six species analysed except from
the Lesser African threadfin Galeoides decadactylus. Group three had similar 8N (12.4 to
13.7 %o) but higher §3C (-15.9 to -15.2 %o) than group one and similar 8"3C but lower §°N

than group two. It mainly included individuals from C. rhonchus and G. decadactylus.
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Figure 23 Muscle §%C and 8N values (%.) of individuals from six species from Dakar (A) and from
Casamance (B). The groups were derived from the result of a hierarchical cluster analysis
(Ward’s method). Group one is shown in green, group two in red and group three in blue in each
region.

Fatty acid analysis

For the fish community of both Dakar and Casamance, a total of 34 fatty acids represented

more than 0.5 % of the total FA in at least one sample and were therefore considered for

further analysis.

A hierarchical cluster analysis (Ward’s clustering method) allowed the clear separation of

three groups in Dakar based on their global FA composition. Group one (composed of T.

trecae) was characterised by a lower proportion of saturated fatty acids (SFAs) and a higher

proportion of poly-unsaturated fatty acids (PUFAs), which accounted for half of the total

fatty acids, than the other groups (Table 2). Group two (B. boops, D. Bellottii, P. prayensis)

presented an intermediate amount of SFAs but the highest content of mono-unsaturated

fatty acids (MUFAs) and the lowest of PUFAs. Group three (C. rhonchus, D. Bellottii, P.

Prayensis) showed the highest content of SFAs and intermediate levels of MUFAs. The FA

distribution within SFAs and PUFAs did not differ strongly between the different groups. The

most important individual FAs were 16:0, 18:0, and 14:0 for SFAs and 20:5n-3, 22:6n-3, and

22:5n-3 for PUFAs. However, MUFA partitioning was rather different with 16:1n-7, 18:1n-9,



and 22:1n-11 dominating group one, whereas 18:1n-9, 16:1n-7, and 18:1n-7 were the most
abundant in groups two and three.

The principal component analysis (Fig. 3A) shows the separation between the three groups
in Dakar and the fatty acids responsible for the inter-group differences. Group one contained
all S. japonicus and was characterised by an abundance of 22:1n-11 and n-3 PUFAs such as
20:5n-3, 22:5n-3 and 22:6n-3. The second group was mostly characterised by its high
amount of 16:0, 18:1n-9 and to a lesser extent 22:1n-11 and 16:1n-7. It included all of the T.
trecae and C. rhonchus and three individuals from B. boops. The third group showed a
dominance of various fatty acids such as 16:0, 18:0, 18:1n-7 and 20:4n-6. All of the D.
bellottii and P. prayensis individuals were in this group, along with the two individuals of B.
boops. All of the individuals of the same species were classified in one group, except B.

boops, which was split between two groups.

Fish from Casamance were also clearly separated into three groups by the hierarchical
cluster analysis, but all the species were split into two groups. The repartition of fatty acids
between the different classes was less variable from one group to another in this region.
Indeed, similar contents of SFAs were found between the groups with group one only
differing from the others by a lower amount of MUFAs and higher amount of PUFAs (Table
3). The dominant FAs within the SFA class were 16:0, 18:0 and 14:0, and within the MUFAs,
they were 18:1n-9, 16:1n-7 and 18:1n-7. The PUFAs were mostly composed of 22:6n-3,
20:5n-3 and 22:5n-3 in groups one and two and of 20:5n-3, 22:6n-3 and 20:4n-6 in group
three.

The principal component analysis (Fig. 3B) highlighted that the first group was discriminated
by the n-3 PUFAs 22:6n-3, 20:5n-3 and 22:5n-3 and to a lesser extent by 18:0. Group two
was mostly characterised by 18:1n-9. Group three was discriminated from the other groups
by its contents of 16:1n-7, 18:1n-7 and 16:0. Only two species, C. chrysurus in group one and
G. decadactylus in group three, were classified in only one group. This demonstrates the high
intra-specific variability in terms of trophic markers existing within the species sampled at

this location.
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Figure 24 Principal component analysis (PCA) of the fatty acid composition of the liver of six fish species from Dakar (A) and from Casamance (B).
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Table 11 Fatty acid composition (mean * SD, %) of liver tissue of the three groups derived from the result of a hierarchical cluster analysis (Ward’s
method) from Dakar (left panel) and Casamance (right panel). Only FAs accounting for > 0.5% of total FA in at least one fish sample are shown.
Different letters indicate significant differences between the groups (ANOVAs followed by Tukey’s HSD tests or KW tests followed by multiple
comparison tests).
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Trace metal analysis

For some of the trace elements analysed, the concentrations in the liver of the fish sampled
in Dakar varied significantly between the groups identified from the stable isotope (SI
groups) and the fatty acid (FA groups) analyses (Fig. 4A). All the differences discussed below
were statistically significant (p < 0.05). In the Sl groups, a lower level of Li (0.09 ppm dw) was
found in group three than in other groups (0.45 ppm dw for group one and 1.95 ppm dw for
group two), whereas Pb was more abundant in group three (0.15 ppm dw) compared to
group one (0.05 ppm dw). Distribution of the individual fish inferred by stable isotopes and
fatty acids were poorly correlated in Dakar (RV = 0.19; p < 0.05). As a consequence of the
differences in the composition of the two types of groups (S| and FA groups), the FA groups
showed many other differences in the concentrations of trace elements. Group one
displayed a higher level of Mn and Pb than group two. In group three, As, Cd, Co, Fe, Pb and
Zn were more abundant than in the two other groups. Likewise, Ni concentration was higher

than in group two and Sn concentration was higher than in group one.

In the fish community from Casamance, significant differences also existed between the
different groups in terms of the metal concentration in the liver (Fig. 4B). According to the SI
groups, only one element varied depending on the trophic preferences. Li was indeed more
abundant in group one than in group three. Distributions of the fish through SI and FA
analyses were not significantly correlated in Casamance. More differences were also found
in the metal contents between the FA groups. Group one displayed higher levels of Co, Cu,
Fe, Li, Sn and Zn than group three. Group one also contained more Li than group two. Finally,

group two showed more Fe and Zn than group three.
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Figure 25 Comparison of the trace element concentrations (ug-g” dry wt) in the liver of fish from
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groups one and two included fish feeding mostly on pelagic prey, whereas FA group three
contained fish feeding mostly on benthic prey. Different letters indicate significant differences
between groups (ANOVAs followed by Tukey’s HSD tests or KW tests followed by multiple
comparison tests).
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Correlations between metals and trophic markers

Considering only the relationships that indicated strong correlations (arbitrarily determined

for correlation coefficients > 0.5), very few metals were correlated with stable isotope ratios.

Fe was positively correlated with 8N for fish from Dakar (Table 3), whereas Li was

negatively correlated with 6°N in Dakar and with 6C in Casamance (Table 4). Pb was

positively correlated with 6°C in Casamance. However, all of the trace metal elements were

positively correlated with at least one fatty acid, except Cr in Dakar (Table 3) and As, Cr and

Sn in Casamance (Table 4). Zn, Mn and Cu were found to be negatively correlated with

18:1n-9 in Dakar, whereas Fe and Zn were negatively correlated with 16:1n-7 in Casamance.

Tracer As Ccd Co Cu Fe Li Mn Ni Pb Sn U Zn

"N 0.552 ** | -0.678 ***

0.507

14:0 o

15:0 O'*S*ZO 0.544 ** O*'ffa 0.604 *** | 0.611 *** | 0.684 *** 0.745 ***
ant17:0 0.614 *** 0.669 *** 0.776 ***
is017:0 0.686 *** 0.633 ***

17:0 0.512 **

18:0 0.510 **
17:1n-8 -0.522 **
18 :1n-9 'Oﬁfl -0.569 ** -0.594 **
18:1n-11 0.533 **
16:3n-6 0.567 **
18:2n-4 -0.578 ** 0.524 ** 0;5*18
20:4n-6 0.580 ** 0.561 ** 0.638 *** 0.656 ***
22:4n-6 04289 0.559 **
22:5n-6 0;5*29 0.529 ** 0.783 ***

0.637

20:5n-3 ok
20:4n-3 0.564 ** 0.596 **

Table 12 Correlations (40) between trace metals and tracers in Dakar. Only correlations with a

coefficient > 0.5 are shown. ** p < 0.01; *** p < 0.001.
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Tracer

Cd

Co

Cu

Fe

Li

Ni

Pb

Zn

s

-0.530 ***

0.574 **

17:0

0.613 **x*

0.531 **

18:0

0.594 **

16:1n-7

-0.539 **

-0.519 **

16:2n-4

0.584 **

16:4n-1

0.507 **

18:3n-3

0.593 **

20:1n-9

0.554 **

20:4n-3

0.659 ***

0.725 **x*

20:4n-6

0.693 ***

0.535 **

0.557 **

21:5n-3

0.594 **

0.667 ***

22:4n-6

0.554 **

0.513 **

22:5n-3

0.621 ***

0.800 ***

0.640 ***

0.502 **

0.533 **

22:6n-3

0.503 **

0.507 **

0.598 **

Table 13 Correlations (28) between trace metals and tracers in Casamance. Only correlations
with a coefficient > 0.5 are shown. ** p < 0.01; *** p < 0.001.

Discussion

Stable isotope analysis

In marine ecosystems, stable isotopes are commonly used to infer trophic levels through
8N values and offshore versus inshore, or pelagic versus benthic inputs through §%C
values. Moreover, the position of individuals in bivariate isotope space (the isotopic niche) is
considered a convenient proxy for the trophic niche (Layman et al., 2012). Because carbon
and nitrogen half-lives are higher in muscle than in liver tissues (Buchheister and Latour,
2010), and trace metal elements can take several months to accumulate (Berntssen et al.,
2001), muscle stable isotopes signature as been widely used in ecotoxicological studies
(Chouvelon et al., 2012b; Domi et al., 2005).

Individual fish from Dakar occupied three distinct trophic niches. The first one (group one)
was characterised by low 8N, which reflected a low trophic position within the fish
community and a low §C that indicated pelagic/offshore dietary habits. Trophic level is

known to change during ontogeny, even for small pelagic fish like S. japonicus (Costalago et
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al., 2012) which alone constitute the first group. The low trophic level of this group can thus
also be explained by the small size of the fish sampled for this species (Table 1).

The second group, which showed similar §3C but higher §°N, may also feed on pelagic prey
but at an intermediate trophic level. For B. boops individuals, which all belonged to this
group, this is in accordance with the relatively low trophic level reported for this species (TL
= 3; Table 10), whereas for T. trecae, the reported trophic level is similar to that of species
belonging to the third group (TL = 3.5; Table 10). It can also be explained by the fact that fish
sampled here were immature and thus might feed at a lower trophic level than adults.
Finally, the third group occupied a niche characterised by higher §"°N but lower 6"*C than
the two other groups. The fish in this group may feed on more benthic/coastal prey and at a
higher trophic level than other groups. The three fish species constituting this group are
known to share similar trophic level (close to 3.5; Table 10) which supports the relevance of
their stable isotopes clustering.

In the fish community of Casamance, three main isotopic niches were also observed. Group
one contained fish with both low §"3C and 8N, which suggested that the fish were feeding
on pelagic prey of lower trophic levels. In contrast, other groups displayed higher §3C, which
showed a more benthic/coastal origin of the prey.

Among them, group two was also characterised by higher 8N signatures than the two
other groups, which suggested a higher trophic level. It contained various species, mostly
with reported high trophic levels like the Guachanche barracuda Sphyraena guachancho
(4.4; Table 10).

Finally, group three shared the &N signature of group one, which is in accordance with the
reported trophic levels of C. chrysurus which mostly composed group one (3.5; Table 10) and
G. decadactylus (3.6; Table 10) which mostly belonged to group three. On the other hand,
the bigeye grunt Brachydeuterus auritus which also showed similar >N was previously

known to have a lower trophic level than these species (3; Table 10).

Fatty acid analysis

Fish sampled offshore of Dakar were structured in three major groups based on their FA
composition. The first group only included S. japonicus, which also differed from other

species based on its composition of stable isotopes. Except for this species, FA groups poorly
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fitted SI groups, which strengthened the need to use different tools to characterise dietary
habits.

This species was characterised by its high amount of n-3 PUFAs (3 n-3, Table 11). Because
20:5n-3 (eicosapentaenoic acid, EPA) is commonly considered a marker of diatoms (e.g.,
Meziane and Tsuchiya, 2000; Kharlamenko et al., 2001; Alfaro et al., 2006)) and 22:6n-3
(docosahexaenoic acid, DHA) is a marker of dinoflagellates, the ratio of these two FAs has
been used to determine the predominant taxa in phytoplankton (Parrish et al., 2000). The
EPA/DHA ratio in this first group was higher than one, which suggests that S. japonicus relies
on higher proportions of a diatoms-based food web (Alfaro et al., 2006). The first group was
also characterised by a higher content of 22:1n-11 than group three. This FA is known to be
synthesised in high proportions by copepods and has been commonly used to evaluate the
reliance of fish species on copepod-based pelagic food webs (Stowasser et al., 2009, 2012).
Therefore, the FA composition of this group fits with the previously described diet of
immature chub mackerels, which have been reported to rely on copepods and euphausiids
in the North-West African shelf (Castro, 1993). Considering these observations, S. japonicus
from the region of Dakar may therefore rely on herbivorous zooplankton feeding on

diatoms, which is in accordance with the low §3C and §*°N observed for this species.

The second group contained individuals from B. boops, C. rhonchus and T. trecae and was
characterised by its high content of 16:0, which is a ubiquitous FA that most organisms are
able to synthesise de novo. Even if its abundance varies among taxa, it is difficult to attribute
its presence to a specific type of prey. This group also showed high amounts of 18:1n-9, a
major FA in most marine animals, which are able to biosynthesise it de novo by chain
elongation from 18:0 (Kelly and Scheibling 2012). In benthic environments, this FA has been
identified in various dietary sources, such as brown algae, mangrove detritus or animal
material (Bachok et al., 2003; Alfaro et al., 2006; Jaschinski et al., 2011). In pelagic
ecosystems, it has been used as a marker of carnivory (Pethybridge et al., 2014). However,
this FA can also be abundant in phytoplankton species (Dalsgaard et al., 2003; Escribano and
Pérez, 2010), and its presence in higher trophic levels may depend more on its abundance on
basic components of the food web than on the trophic level of the consumer. At high and
temperate latitudes, the seasonal food supply induces the storage of lipid reserves by

zooplankton (Kattner and Hagen, 2009). Zooplankton from these regions are known to
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display high proportions of 18:1n-9 in these reserves (Lee et al.,, 2006). In tropical and
subtropical waters, copepods from the oligotrophic epipelagic environment are
characterised by continuous feeding and generally do not accumulate lipids in significant
amounts in the upper 250 m of the water. In contrast, in deeper environments, copepods
are exposed to lower prey densities and feed mainly through episodic sedimentation events,
which results in higher energy storage than for epipelagic copepods including higher 18:1n-9
levels (Teuber et al., 2014). Upwelling regions are characterised by periodic high productivity
events, which are comparable to the seasonal food input at temperate and high latitudes
and may thus result in similar lipid storage strategies. It has been reported that copepods
feeding on pico- and nanoplankton also displayed higher 18:1n-9 levels than those feeding
on microplankton, where this FA can be absent (Escribano and Pérez, 2010). Here, 18:1n-9
was strongly negatively correlated with EPA (diatoms marker) and DHA (dinoflagellates
marker) (Supplementary material), which where the least abundant in group two. As
diatoms and dinoflagellates are the major components of microplankton (Anabalén et al.
2014), this suggests that this group relies on small-sized fractions of phytoplankton.
Moreover, this group was also characterised by a high content of 16:1n-7, which is generally
considered a diatoms marker (e.g., Richoux and Froneman 2008) but has also been reported
as abundant in bacteria (Kharlamenko et al. 2001) and is abundant in marine sediments
(Perry et al. 1979). Here, the fact that 16:1n-7 is negatively correlated with the
dinoflagellates marker 22:6n-3 suggests a benthic origin.

Thus, the FA compositions for these individuals were in accordance with the reported diets
of the species included in this group. Indeed, for the class size sampled here (see Table 10),
T. trecae is known to feed on planktonic crustaceans, and C. rhonchus presents a diet
composed of small planktivorous fish and planktonic and benthic crustaceans (Boély et al.,
1973; Sley et al., 2008), whereas B. boops shows an omnivorous diet composed of fish,
benthic crustaceans and zooplanktonic prey (Derbal and Hichem Kara, 2008). In group two,
the abundance of 18:1n-9 may reflect the consumption of pelagic prey, zooplankton or small

fish, whereas the 16:1n-7 signature may result from the ingestion of benthic crustaceans.

The third group gathered three species, B. boops, D. Bellottii, P. Prayensis, and was
discriminated by 18:0, also a ubiquitous FA synthesised through elongation of 16:0. This

group was also characterised by 18:1n-7, which is commonly used to assess the bacterial
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contribution in the marine food web (Meziane and Tsuchiya, 2000; Kharlamenko et al., 2001;
Alfaro et al., 2006), and 20:4n-6. The latter has been reported to be abundant in brown and
red algae (Kelly and Scheibling, 2012) but can be found in high proportions in marine
invertebrates from sites devoid of macroalgae, which is the case for most of the Senegal
coastline. Therefore, the authors hypothesised that this FA may results from feeding upon
drift algae, phytodetritus or microbial mats (Cook et al., 2000). Many other primary
producers are also able to synthesise this FA, such as diatoms (Dunstan, et al. 1993), fungi
and protozoa (Kim et al., 1998; Kharlamenko et al., 2001). It has also been shown in
controlled feeding and in situ studies that this FA can be selectively retained or
biosynthesised de novo by bivalves and crustaceans (Soudant et al., 1996; Budge et al., 2001;
Kelly et al., 2009). Finally, it has been used to identify the consumption of benthic prey in
marine fish (Stowasser et al., 2009). In the present study, it was positively correlated with
22:4n-6 alongside the 22:5n-6 (Supplementary material), which can all be synthesised from
20:4n-6. Because this group is also characterised by high bacterial marker content, such as
15:0, it is likely that high amounts of (n-6) PUFAs in this group come from the assimilation of
phytodetritus and the microphytobenthos. Again, this is in accordance with the described
ecology of the species included in this group, which is dominated by two benthic fish. D.
bellottii shows an omnivorous diet composed of algae, bivalves and crustaceans (Horta et al.,

2004), whereas P. prayensis feeds mainly on benthic invertebrates (Caveriviére, 1993).

In the fish sampled in Casamance, the first group was mainly discriminated from others by its
high content of n-3 PUFAs (Fig. 3B). As observed in group one from Dakar, this group may
also rely on a pelagic food web. However, an EPA/DHA ratio lower than one indicates that
dinoflagellates were more important than for fish from Dakar. This group is dominated by C.
chrysurus, which is known to be a pelagic particulate feeder (Faye et al., 2011), and C.
rhonchus. The latter is an opportunistic piscivorous species for the size class sampled in
Casamance (see Table 10) and feeds at almost 70% on planktivorous fish, mainly on
anchovies Engraulis encrasicolus and to a lesser extent on clupeids such as the round
sardinella Sardinella aurita (Boély et al., 1973; Sley et al., 2008). Anchovies are known to
contain high levels of DHA (Pethybridge et al., 2014), which seems to confirm this species as

the dominant prey for C. rhonchus.
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Two individuals of the barracuda S. guachancho were also found in this group. This
piscivorous species feeds mainly on small pelagic fish such as Sardinella spp., T. trecae and C.
chrysurus for the size class of individuals sampled (see Table 10; Akadje et al., 2013). Hence,
it is not surprising to find this species alongside C. chrysurus, which confirms that the FA
composition of a predator reflects that of its prey. Therefore, group one mostly contains
phytoplankton-feeding species and their direct predators, which share a similar FA

composition.

The second group in Casamance was discriminated from others by 18:1n-9 and from group
one by 16:1n-7, which is similar to what was observed for fish from Dakar. This group was
dominated by B. auritus, which is known to feed on a variety of sources, including copepods
and the African moonfish Selene dorsalis, which feeds on pelagic fish and crustaceans
(Caveriviere, 1993; Diouf, 1996). It also included three barracudas that may feed on different
species of forage fish than their conspecifics belonging to group one. Because C. chrysurus
and Sardinella species are characterised by high levels of n-3 PUFAs (Njinkoué et al., 2002), it
can be hypothesised that barracudas from group two fed on T. trecae instead, which showed
a high level of 18:1n-9 in Dakar.

In summary, group two gathers secondary and tertiary consumers and belongs to a pelagic

food web based on phytoplankton phyla other than diatoms and dinoflagellates.

G. decadactylus was the only species classified in the third group for fish sampled in
Casamance. This species was characterised by its content of the benthic marker 16:1n-7 and
18:1n-7. The latter has been linked to diatoms (Dalsgaard et al., 2003) and was thus used as
an herbivory marker for copepods in the Benguela upwelling system (Schukat et al., 2014). It
has also been found alongside 16:1n-7 in high amounts in the surface sediments of the
Humbolt upwelling ecosystem (Gutiérrez et al., 2012) and is commonly used to assess the
bacterial contribution in marine food webs (Meziane and Tsuchiya, 2000; Kharlamenko et al.,
2001; Alfaro et al., 2006). Moreover, in this study, this FA was positively correlated to is017:0
(Supplementary material), which is known to be predominantly synthesised by bacteria
(Volkman et al., 1980) and used as a bacterial marker in sediments (Rajendran et al., 1993,
1992). This suggests that here, 18:1n-7 must be more associated with the benthic ecosystem

than with the pelagic one. This is in accordance with the described ecology of G.
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decadactylus, which leaves over sandy and muddy bottoms and feeds mainly on benthic

crustaceans (Caveriviere, 1993).

Metal concentration differences between trophic groups

In the present study, the trophic groups inferred by the analysis of dual stable isotopes
poorly explained the variability in terms of bioaccumulation. In Dakar, the association of
coastal/benthic food intake with a higher trophic level only led to a largest accumulation of
Pb, whereas in Casamance, only Li was dominant in fish showing offshore/pelagic habits
combined with low trophic levels. Some studies have successfully associated the contents of
some metals like mercury (Hg) and Cd with the isotopic niche of marine fish species (Das et
al., 2000; Domi et al., 2005). However, most of the trace metal elements are in general not
correlated to 8°N nor 8™C in fish communities (Goutte et al., 2015; Ofukany et al., 2014).
The distribution of the elements analysed here could not be only attributed to the feeding
habitat or trophic level, which implied no biomagnification (i.e. increase with 615N) like it is
well documented for Hg (McMeans et al., 2010; Pethybridge et al., 2012). Hence, a more
precise determination of the food sources was necessary to understand the pathways of

metal accumulation.

To our knowledge, there is no published study using fatty acids to infer the dietary origin of
metal accumulation in a marine fish community. In this study, we attempted to demonstrate
how bioaccumulation of several trace metal elements relates to the trophic preferences of
the fish using the FA composition.

In Dakar, were anthropogenic inputs occurred, the consumption of benthic prey led to a
higher contamination of Cd, Ni, Pb, Fe, Co, Zn, As, and Sn (Fig. 4A). This was highlighted by
the positive correlation found between these elements and at least one FA from a benthic
origin (Table 3). These FAs included bacterial markers, such as iso17:0, ant17:0 and 15:0
(Volkman et al., 1980), which are characteristic of sediment communities (Rajendran et al.,
1993, 1992) and were more abundant in group three (> BAFA). This benthic FA pool also
contained n-6 PUFAs from phytodetritus or the microphytobenthos, which were, like BAFAs,
more abundant in group three (> n-6). Within the pelagic ecosystem, the

microphytoplankton-based food web seemed to be a major pathway for the transfer of Mn,
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Pb and Zn to fish as revealed by the negative correlation between Mn and Zn and the nano-
and picoplankton marker 18:1n-9 (Table 3), which may be less impacted by these elements.
Indeed, taxonomic differences in the plankton metal concentration can exist as shown
between diatoms, flagellates and picophytoplankton (Twining and Baines, 2013; Twining et
al., 2015). These differences can also vary between ocean basins and the elements
considered. In this fish community, pelagic and benthic predators had different pathways for
metal accumulation.

Conversely, in the community from Casamance, feeding on pelagic prey seemed to induce a
higher accumulation of Fe and Zn (Fig. 4B) as indicated by the negative correlation between
these elements and the benthic marker 16:1n-7 characterising group three and the positive
correlation between Zn and DHA, a dinoflagellates marker that was found in higher
proportions in groups one and two. Furthermore, fish belonging to the microphytoplankton-
based food web (group one) were more exposed to Co, Cu and Sn than benthic feeders
(group three). This is suggested by the correlation found between Co and Cu and n-3 PUFAs,
which were dominant in group one. Indeed, Cu was positively correlated with DHA and Co
with 22:5n-3, which is formed de novo from EPA. Co was also correlated with 20:4n-3, which
can be used to characterise either fungi, protozoa or algae (Kharlamenko et al., 2001). In this
case, it was present alongside the dinoflagellates marker DHA, suggesting a pelagic origin.
Finally, diatom-feeding fish or their predators from group one accumulated more Li than
other species. Contamination of this group by Li can also be linked to planktonic n-3 PUFAs
(20:4n-3 and 22:5n-3) and to 18:3n-3. The production of 18:3n-3 from 18:1n-9 is only
realised by primary producers and requires delta 12 and delta 15 desaturase enzymes,
respectively (Dalsgaard et al., 2003). Thus, primary producers (i.e. phytoplankton) seem to

be particularly involved in Li transfer to the fish community.

Although not responsible for the differences among groups, some correlations between
individual trophic markers and trace metals can give new insights into the determination of
their origin near the coastline of Senegal (Tables 4 and 5).

In the Dakar fish community, Fe was positively correlated with 8°N, which suggests an
increase with trophic level. This result is in accordance with the predominance of this
element in the benthic predators group inferred by FAs. U was likewise correlated with 14:0,

which is the dominant FA in marine cyanobacteria (Merritt et al.,, 1991; Carpenter et al.,
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1997) and suggests the benthic origin of this metal. In contrast, Cu and Li seemed to result
from the consumption of pelagic organisms. Indeed, Cu was positively correlated with the
diatoms marker EPA, and negatively with the nano- and picoplankton marker 18:1n-9,
revealing dominance in the microphytoplankton. Moreover, Li was positively correlated with
the planktonic 20:4n-3 and negatively with 8"°N, which reveals a stronger presence in the
lower trophic level species that feed on planktonic prey. It was also negatively correlated
with 17:1n-8 and 18:2n-4, two FAs synthesised in large amounts by bacteria (Pond et al.,
1997; Dalsgaard et al., 2003). Along with the results of the Li distribution in Casamance, it
can be concluded that this element may be predominant in the pelagic environment.

In Casamance, Pb was associated with the coastal/benthic isotope signature inferred by 8C
and 20:4n-6, which was likely the result of phytodetritus consumption. This corroborates
observations in Dakar, which indicate that Pb may be derived from coastal anthropogenic
sources (Diop et al., 2015). Cd and U were found to be associated with both the planktonic
FA 22:5n-3 and a bottom linked FA: the bacterial FA 17:0 for Cd and the phytodetritus
marker 22:4n-6 for U. Conversely, for observations in Dakar where these two elements had
only a benthic origin, they seemed to result from a larger variety of sources in this case.

Finally, Mn and Ni were only linked to n-3 PUFAs, which suggests a pelagic origin.

Differences in accumulation patterns between communities

Physiological characteristics, such as subcellular differences in handling metals (Eyckmans et
al., 2012), can lead to differences in metal accumulation between species. However, even if
only one species, C. rhonchus, was present in both of the stations sampled, general patterns
can be drawn from the two fish communities.

In Dakar, among the 13 elements analysed, only two metals (Cu and Li) were only associated
with planktonic markers, whereas eight of them (As, Cd, Co, Fe, Ni, Pb, Sn and Zn) were
exclusively related to bacterial or phytodetritus/microphytobenthos markers (Table 6). As a
result, the two species that generally accumulated more metals were the two benthic
predators D. bellottii and P. prayensis. Concerning Cd, Ni and Pb, these results are in
accordance with previous studies regarding the metallic contamination of sediments from

the Dakar area and where high levels of these metals have been reported (Diop et al., 2012;
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Diagne et al., 2013; Diop et al., 2015). Furthermore, it is in accordance with the theory
concerning the distribution of metals between the particulate and dissolved fraction. Indeed,
Co and Pb are scavenged in greater amounts by the solid phase in the water column from
the Dakar coast, which explains the fact that these elements sink to the sediments (Diop et
al., 2014). Surprisingly, these authors also found high amounts of Cr, whereas in this study,
no correlation was established between this element and any marker. Even if extremely high
concentrations have been reported in mussels from the harbour of Dakar (up to 298 ppm
dry weight, Diagne et al., 2013), Cr showed the lowest affinity to the bioavailable fraction in
sediments from this area among the other metals (Diop et al., 2015). The authors concluded
that Cr cannot be remobilised into the aquatic environment under normal biogeochemical
conditions, which could explain the low Cr levels observed in fish. Likewise, the sediments
presented an elevated contamination of Cu, whereas in the present study, it was associated
with the pelagic environment. Finally, only Mn was found to correlate with the markers

characteristic of both the pelagic and the benthic environment.

Location Metal Origin Tracer
As Benthos 15:0, 17:0, 20:4n-6
Cd Benthos 15:0
Co Benthos 22:5n-6
Fe Benthos 15:0, 20:4n-6, 22:5n-6
Ni Benthos 15:0
Pb Benthos 15:0, ant17:0, iso17:0, 20:4n-6, 22:4n-6, 22:5n-6
Dakar Sn Benthos 8C
U Benthos 14:0
Zn Benthos 15:0, ant17:0, is017:0, 20:4n-6
Mn Benthos/Pelagos 15:0, ant17:0, 20:4n-6/20:4n-3
Cu Pelagos 20:5n-3
Li Pelagos 20:4n-3
Cr undefined
Fe Benthos 22:4n-6
Pb Benthos 8, 20:4n-6
cd Benthos/Pelagos 17:0/22:5n-3
Cu Benthos/Pelagos 20:4n-6/22:5n-3
U Benthos/Pelagos 22:4n-6/22:5n-3
Casamance Zn Benthos/Pelagos 17:0, 20:4n-6/22:6n-3
Co Pelagos 20:1n-9, 20:4n-3, 21:5n-3, 22:5n-3
Li Pelagos 18:3n-3, 20:4n-3, 21:5n-3, 22:5n-3
Mn Pelagos 22:6n-3
Ni Pelagos 22:5n-3
As undefined
Cr undefined
Sn undefined

Table 14 Dietary origin of the metal elements inferred by tracers (Sl and FA) in the two locations.
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Because the Dakar area is exposed to urban and industrial rejects (Diop et al., 2012, 2014;
Diop et al., 2015), the contamination may occur near the coast as shown for Pb with the
stable isotope analysis (Fig. 4A). Thus, the trace metal elements may be rapidly trapped in
the sediments, leading to a high contamination of benthic organisms in this region. For
example, the mussel, Mytilus galloprovincialis, from Dakar is known to be highly
contaminated with Cd (up to 8.5 + 2.8 ppm dw) and Pb (up to 380 + 70.5 ppm dw) (Diagne et
al., 2013), and the other mussel species, Perna perna, also showed a greater amount of Cd
(up to 7.55 + 1.65 ppm dw) than in Morocco and Mauritania (Sidoumou et al., 2006; Diop et
al.,, 2016). Finally, the two sand-living species, Cardita ajar and Dosinia isocardia, also
presented very high levels of Cd (13.77 £ 0.80 and 4.18 + 0.93 respectively) (Sidoumou et al.,
2006). Here, the sediment compartment seemed to be the major source for the transfer of
metals up to the fish community.

Interestingly, in the Casamance region, metal concentration seems to be less dictated by the
fish relationship with the sediments. Indeed, only Pb was exclusively related to
microphytobenthos, whereas the other elements (Co, Li, Mn and Ni) were only associated
with planktonic markers or both benthic and pelagic markers (Cd, Cu, Fe, U, and Zn) (Table
6). Accordingly, the species with the lowest accumulation levels was in general the benthic
fish G. decadactylus. The occurrence of metals is not likely to be the result of local
anthropogenic inputs because this region is not subjected to industrial activities or heavy
urban development. However, it may occur through fish migrations from another
contaminated areas or the transport of elements by the hydrodynamic process. The
Senegalese coast is subjected to wind-driven upwelling, which occurs mainly in winter and is
stronger from February to April. It induces a coastal jet arising from the geostrophic
adjustment of the surface density gradient between the cold upwelled coastal waters and
the warmer open ocean waters (Allen, 1973). This upwelling jet is confined nearshore and
flows southward alongside the coast of Senegal (Fig. 1) (Auger et al., 2015). Furthermore,
recent studies have shown that the coastal waters of southern Senegal come from the
upwelling area of Dakar Bay, around 200 km northernmost, through advection processes
(Ndoye, 2016). Because the fish were collected during the active upwelling season when the
coastal current is the strongest, it strengthens the hypothesis of a transport of the metals

from the Dakar area subjected to industrial effluents of this region.
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Finally, this study suggests that microphytoplankton (i.e., diatoms and dinoflagellates) were
a more important source of accumulation than smaller size fraction species. Whereas
nanoplankton are dominant in the phytoplankton community of the Dakar area,
microplankton are the almost exclusive component in Casamance (Donval personal
communication). As physical and biological factors seem to converge to induce a strong
accumulation of trace metal elements in marine pelagic organisms in Casamance, further
investigations are required to evaluate the impact of northern anthropogenic rejects in this
region.

This case study of the coastal environment from Senegal showed that anthropogenic
activities seemed to drive the input pathways of trace metal elements in the marine food
webs. It also highlights the need to consider the trophic relationships to understand the

accumulation patterns of the marine fish communities.

Conclusion

This study demonstrated the implication of trophic ecology in the accumulation of several
trace metal elements in fish communities. Stable isotopes (Sls) and fatty acids (FAs) were
both relevant tools to discriminate trophic groups within the fish community, but FAs proved
to be more discriminant to link metal contamination in fish with their trophic ecology.
Because most previous studies trying to investigate metallic accumulation in the marine
biota in relation to their trophic ecology used stable isotope analysis, we suggest that
extending fatty acid analysis to heavy metal bioaccumulation studies would provide new
perspectives.

In the region subjected to high anthropogenic metallic inputs, local rejects led to a higher
accumulation in fish belonging to the benthic environment. In contrast, in the unaffected
region, bioaccumulation was more associated with the pelagic ecosystem, where the
metallic transfer to fish depended on the phytoplankton phylum on which the food web was
based. This study suggests that microphytoplankton (i.e., diatoms and dinoflagellates) were
a more important source of accumulation than nano- and picoplankton species.

In the present study, bioaccumulation was clearly dependent on the trophic preferences of

fish, as inferred through Sl signature and FA composition, for several trace metal elements.
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Moreover, fatty acids revealed many relationships between the dietary regimes and metal

accumulation that were not visible with stable isotopes.

Acknowledgements

The authors thank greatly Sébastien Hervé for the design of the Fig. 1 and the graphical
abstract, and Jean Raffray for the identification and the dissection of the fish. Samples used
in this study were collected during a scientific cruise of the AWA project in West Africa. This
article benefited from the comments of two anonymous reviewers. This work was financially

supported by the French National Research Agency project ANR-11-CEPL-0005 EPURE.

138



Chapitre 4

L'habitat déetermine ['accumulation du
mercure par les poissons marins malgreé
une forte variabilité intraspécifique

Gaél Le Croizier, Gauthier Schaal, David Point, Francois Le Loc’h, Eric Machu,
Massal Fall, Jean-Marie Munaron, Pierre Walter, Raymond Laé, Luis Tito De

Morais.

Soumis a Environmental Science & Technology.



1. RESUME

Les zones cotieres se trouvant a l'interface entre le continent, 'atmosphére et 'océan, le
cycle des éléments métalliques au sein de ces écosystémes va d’abord dépendre des apports
issus de ces trois compartiments. Ensuite, des processus physicochimiques internes tels que
I’hydrodynamisme et la spéciation des métaux vont participer a les rendre disponibles
aupres des organismes marins qui les assimilent. Dans le cas du mercure, les sources
principales pour les écosystémes cotiers sont représentées par les upwellings, les dépots
atmosphériques et les apports en eau d’origine terrestre (Cossa et al., 1996). Une fois dans
I'eau de mer, le mercure peut étre méthylé par des bactéries sulfato-réductrices, avant
d’étre assimilé par le phytoplancton et bioamplifié le long de la chaine trophique (Fitzgerald
et al., 2007). Cette particularité conduit a de fortes valeurs d’accumulation pour les
prédateurs de haut niveau trophique tels que les requins (McKinney et al., 2016). D’autre
part, I'activité bactérienne augmentant la biodisponibilité du mercure dépend des milieux,
de méme que certains mécanismes réduisant au contraire son affinité biologique, tels que la
photodégradation (Lehnherr et al., 2011). L’assimilation de cet élément toxique par les
producteurs primaires et son transfert subséquent jusqu’aux poissons varie ainsi en fonction
de I'habitat considéré.

Dans ce contexte, I'objectif de ce quatrieme axe est d’apprécier I'impact de I'habitat sur
I'accumulation du mercure par les poissons marins du courant des Canaries. Le littoral
Sénégalais a été choisi comme cas d’étude car il présente une diversité de sources de
mercure potentielles, comme les rejets anthropiques, le courant d’'upwelling cétier et les
eaux de plusieurs grands estuaires. Un large panel d’espéces échantillonnées a plusieurs
sites a été classé en différents groupes en fonction de leur habitats décrits dans la littérature
(Fishbase ; Froese et Pauly, 2017). Ensuite, le niveau trophique des individus a été déterminé
par I'analyse des rapports isotopiques de I'azote (6*°N). Leurs préférences en termes de zone
d’alimentation ont quant a elles été obtenues par I'analyse des isotopes du carbone (§*C).
Les concentrations en mercure ont été mesurées dans le muscle des poissons, et mises en
relation avec les caractéristiques spécifiques et individuelles concernant I'occupation de

I’habitat. Enfin, les valeurs de mercure ont été comparées avec les normes européennes et
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internationales, afin de juger du risque sanitaire engendré par la consommation de poissons
marins de cette région.

Ces analyses ont premierement révélé des différences entres sites au regard des sources de
nutriments et des concentrations en mercure, suggérant l'influence de différentes apports
tels que les résurgences d’upwelling et les eaux estuariennes. Ensuite, une accumulation de
mercure plus forte chez les especes aux affinités cotieres et démersales a été observée,
contrairement a celles aux préférences océaniques et pélagiques. A I'échelle individuelle, la
bioamplification du mercure a été retrouvée pour les sites au sein desquelles une seule
source d’azote était prédominante. Une corrélation a été établie entre niveau de mercure et
origine principale du carbone, révélant encore une fois I'exposition métallique majoritaire
des poissons exploitant des habitats cotiers et benthiques. A linstar des régimes
alimentaires, les poissons étudiés présentent une importante variabilité intraspécifique en
termes d’occupation de I’habitat. Néanmoins, les schémas d’accumulation du mercure
observés a [I'échelle individuelle concordent avec ceux déterminés a partir des
caractéristiques spécifiques. Finalement, les concentrations en mercure retrouvées dans le
cas de cette étude sont en dessous des valeurs fixées par les différentes instances sanitaires,
méme si une consommation exagérée des certaines especes aux caractéristiques cotiéres et

démersales pourrait potentiellement engendrer des troubles liés a la toxicité du mercure.

ORE
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Abstract

Bioaccumulation of metal elements including mercury (Hg) can be highly variable in marine
fish species. Metal concentration is influenced by various species-specific physiological and
ecological traits including individual diet composition and foraging habitat. The impact of
trophic ecology and habitat preference on Hg accumulation was assessed trough total Hg
concentration and stable isotopes ratios of carbon (6C) and nitrogen (6™N) analyzes in the
muscle of 137 fish belonging to 23 different species from the Senegalese coast (West Africa).
Species-specific ecological traits were first investigated and results showed that vertical (i.e.
water column distribution) and horizontal distribution (i.e. distance to the coast) led to
differential Hg accumulation patterns between species. Coastal and demersal fish species
were more contaminated than offshore and pelagic species. Individual characteristics then
revealed an increase of Hg level in fish muscle alongside trophic level for some locations.
Considering all individuals, the main carbon source was significantly correlated with Hg level
revealing once more a higher accumulation for fish foraging in nearshore and benthic
habitat. The large intraspecific variability observed in stable isotope signatures highlighted
the need to conduct ecotoxicological studies at the individual level to ensure a thorough
understanding of mechanisms driving metal accumulation in marine fish. Despite variability
in individual behaviors, within-species patterns of Hg accumulation were in accordance with
the results based on species-specific features. Finally, Hg amounts in fish muscle were
discussed regarding human health impact. No individual exceeded the current maximum
acceptable limit for seafood consumption set by both the European Union and the Food and
Agriculture Organization of the United Nations. However, overconsumption of some coastal
demersal species analysed here could be of sanitary concern regarding human exposition to

Hg.
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Introduction

Mercury (Hg) is a toxic metal element originating in marine environments from both natural
and anthropogenic processes, including geologic weathering, gold mining, combustion and
industrial discharges (Streets et al., 2011). Coastal environments are particularly submitted
to Hg exposure since they are located at the interface between three main Hg sources:
atmosphere, rivers and ocean (Cossa et al., 1996). Once deposited in sea water, Hg can be
methylated by sulfate-reducing bacteria (Fitzgerald et al., 2007), being easily taken up by
phytoplankton and biomagnified along trophic chains. Biomagnification (i.e. Hg content
increase with trophic level) is responsible for high Hg concentration in the tissues of top
predators like tunas and sharks (McKinney et al., 2016). As trophic level is tightly correlated
to nitrogen stable isotope ratios (6™N) (Post, 2002), this marker has been extensively used
to explain Hg amounts in biota (Chouvelon et al., 2012b; Kiszka et al., 2015; McMeans et al.,
2010; Pethybridge et al., 2012). Species with similar trophic level can however display
different patterns of accumulation (Bank et al.,, 2007; Le Croizier et al.,, 2016b) and other
factors have been linked to Hg concentrations such as fish size, foraging depth, geographic
region or physicochemical parameters (Cossa et al., 2012). In particular, some studies
focusing on Hg sources found differences in Hg concentrations between offshore and
nearshore species or between pelagic and benthic species (Cresson et al., 2014; Sackett et
al., 2015; Senn et al., 2010). Carbon stable isotope ratios (613C) have commonly been used to
discriminate offshore/pelagic from coastal/demersal habits in fish species, in order to
investigate the role of foraging habitat in Hg bioaccumulation (Goutte et al., 2015). Some
fish species can however present a wide range of prey and habitat use, which leads to a large
intraspecific variability in terms of metal accumulation (Das et al., 2000; Le Croizier et al.,
2016b). It seems therefore essential to conduct ecotoxicological studies at the individual
level to better determine the drivers explaining Hg concentration in fish tissues. Finally, as
Hg can cause serious neurological impairments among others pathology (Bosch et al., 2016)
and fish consumption represents the major pathway for human exposition to Hg (Driscoll et
al., 2013), it is of great interest to assess the fish ecological traits inducing a significant risk to

human health.
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The goals of the present study were first to investigate the role of geographical or species-
specific characteristics (i.e. water column distribution and distance to the shore) on Hg
bioaccumulation in fish communities from various sites along the Senegalese coast. Second,
the link between trophic level and foraging habitat was estimated trough the use of
individual isotopic signatures, in order to assess whether Hg accumulation patterns at the
species level were conserved despite the large intraspecific variability expected. Third, the
potential health impacts associated to the consumption of fish in the area were discussed
according to the tolerable Hg intake set up by the European Union and the Food and

Agriculture Organization of the United Nations.

Materials and methods

Sampling

A total of 137 fish belonging to 23 different species were sampled at different locations
along the Senegalese coast (West Africa): Saint-Louis, Grande-Cote, Dakar, Saloum and
Casamance (from north to south) (Figure 26). Saint-Louis, Saloum and Casamance are
located off estuaries, while Grande-Céte and Dakar are located along a sandy and rocky
coast, respectively. Samples were collected during the AWA (Ecosystem Approach to the
management of fisheries and the marine environment in West African waters) scientific
cruise in March 2014 aboard the RV Thalassa. Fish were caught with a bottom trawl net,

packed in plastic bags and frozen on board at -20 °C before further analyses.
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Figure26 Sampling sites along the Senegalese coast (West Africa). Saint-Louis, Saloum and
Casamance are estuarine sites, while Grande-Céte and Dakar are located along sandy rocky
coasts.

Chemical analyses

Once at the laboratory, fish were weighed (wet weight) and measured (total length) (Table

1). They were then dissected with ceramic tools to avoid metal contamination, and a piece
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of dorsal muscle (a standardised cut on the dorsal muscle just behind the head) was
collected. Muscle samples for the analysis of stable isotopes were freeze dried and ground
into a fine and homogeneous powder. Approximately 350 ug of powder was then weighed in
tin capsules for isotopic analysis. The samples were analysed by continuous flow on a
Thermo Scientific Flash EA 2000 elemental analyser coupled to a Delta V Plus mass
spectrometer at the POle de Spectrométrie Océan (Plouzané, France). The results are
expressed in standard & notation based on international standards (Vienna Pee Dee
Belemnite for §*3C and atmospheric nitrogen for §°N) following the equation §3C or 8°N =
[(Rsample/Rstandard) - 1] x 103 (in %o), where R is *C/**C or °N/*N. Samples were not
delipidated, because muscle generally contains a lower amount of lipids than other organs in
fish (Njinkoué et al., 2002). However, since lipid content can impact §°C, C/N ratios were
measured. They exceeded 3.5 for a few samples and therefore a mathematical normalisation
was applied, following the equation 6*C normalized = §"3C untreated - 3.32 + 0.99 * C/N
(Post et al., 2007). International isotopic standards of known 6N and §*C were used: IAEA-
600 Caffeine, IAEA-CH-6 Sucrose, IAEA-N-1 and IAEA-N-2 Ammonium Sulphate. A home
standard (Thermo Acetanilide) was used for experimental precision (based on the standard
deviation of the replicates of the internal standard) and indicated an analytical precision of +
0.11 %o for 6'*C and + 0.07 %o for 6*°N.

Total Hg determination was carried out on an aliquot section of the dried muscle by
combustion, gold trapping and atomic absorption spectrophotometry detection using a
DMAS8O analyzer (Millestone, USA). Mercury concentrations (ppm) in muscle samples are
expressed on a dry weight basis (ug-g” dw), and on a wet weight basis (ug-g* ww) when
needed with applying a moisture correction factor determined for each individual sample.
The accuracy and the reproducibility of the method were established using two freeze-dried
certified biological materials; a Tuna fish flesh homogenate reference material (IAEA 436,
IRMM) and a Lobster Hepatopancreas reference material (TORT3, NRCC). The certified
values for IAEA 436 (4.19 + 0.36 ppm dw) were reproduced (measured: 4.28 + 0.14 ppm dw)
within the confidence limits. The certified values for TORT3 436 (0.292 + 0.022 ppm dw)
were reproduced (measured: 0.280 + 0.005 ppm dw) within the confidence limits.
Repeatability varied from 1.9 to 6.7 % depending on the concentration of the sample and its

heterogeneity. The detection limit was 0.005 ppm dw.
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Location Species TL | Shore Habitat Depth (m) n 8N (%o) 5C (%o) Group | Hg(ppmdw) | Hg(ppm ww)

Brotula barbata 3.8 Off Demersal 33-37 4 11.14+0.12 -16.99 £ 0.1 1 0.09+0.01 0.02+0

Merluccius senegalensis 4.5 Off Demersal 33-37 5 11.63+0.59 | -16.33+0.36 | 1and2 0.22+0.11 0.05+0.03

Saint Louis Pterothrissus belloci 3 Off Demersal 33-37 5 11.14£0.13 -16.53 £ 0.08 1 0.08 £ 0.02 0.02 £0.01
Trichiurus lepturus 4.5 Off Benthopelagic 33-37 5 11.41+0.31 | -16.57+0.21 1 0.06 £0.01 0.02+0

Zeus faber 4.5 Off Benthopelagic 33-37 5 12.03+0.51 -15.2 £ 0.55 land?2 0.18 £ 0.04 0.05+0.01

Grande cbte Trachurus trecae 35 In Benthopelagic 30-40 5 11.37+0.16 | -15.76+0.42 | 1and2 0.09 £0.03 0.02 +0.01

Boops boops 3 In Demersal 66-81 5 10.12 £ 0.23 -15.77+0.62 | 1and2 0.14+0.1 0.03+0.02
Caranx rhonchus 3.6 In Benthopelagic 66-81 4 11.53+0.17 -15.42+0.43 2 0.05+0.01 0.01+0

Dakar Diplodus bellottii 3.5 In Demersal 22-23 5 12.34+0.35 -15.08 £ 0.42 2 0.34 £0.09 0.08 £ 0.02

Pseudupeneus prayensis 3.2 In Demersal 22-23 5 11.86 +0.36 -15.7+0.44 land?2 0.21 £0.07 0.05 +£0.02
Scomber japonicus 3.4 Off Pelagic 66-81 5 8.01+0.28 -16.7+0.34 1 0.04 £0.01 0.01+0
Trachurus trecae 35 In Benthopelagic 22-23 5 10.92+0.18 | -16.42+0.26 1 0.11£0.02 0.03+0

Chaetodon hoefleri 35 In Demersal 49-81 5 15.16£1.36 | -15.35+0.71 | 1and2 0.14 £ 0.08 0.03 £0.02

Chelidonichthys gabonensis 3.6 In Demersal 49-81 5 10.88+0.23 | -16.96+0.35 - 0.37x0.14 0.09 £0.03

Dentex canariensis 3.6 In Demersal 49-81 5 12.32+£0.39 -16.54 £ 0.37 1 0.24+0.14 0.06 £ 0.04

Dicologoglossa hexophthalma 34 In Demersal 49-81 5 11.21+0.14 | -14.82+0.14 2 0.42+0.28 0.1+0.07

Saloum Plectorhinchus mediterraneus 35 In Demersal 49-81 5 12.65+0.22 -15.3+£0.09 2 0.47 £0.17 0.12+0.04

Pseudupeneus prayensis 3.2 In Demersal 49-81 5 11.9+0.3 -16.93 £0.55 1 0.43 £0.36 0.11 £0.09

Sphoeroides spengleri 3.2 In Demersal 49-81 4 11.34+1.16 | -15.57+0.45 | 1and2 0.14 +£0.06 0.03£0.02

Trachurus trecae 35 In Benthopelagic 49-81 5 10.94 £0.22 -15.95+0.6 land?2 0.09 £ 0.03 0.02 +0.01

Umbrina canariensis 3.4 Off Demersal 49-81 5 11.48 £0.27 -1599+0.21 | 1and2 0.09 £ 0.05 0.02+0.01

Brachydeuterus auritus 3 In Benthopelagic 14-15 5 13.69+0.3 -15.31+0.15 2 0.35+0.09 0.09 £ 0.02

Caranx rhonchus 3.6 In Benthopelagic 14-15 5 13.8+0.83 -15.17 £ 0.27 2 0.58 £0.34 0.14 +0.08

Casamance Chloroscombrus chrysurus 35 In Pelagic 17-18 10 | 13.51+0.45 -16.31+0.61 | 1and2 0.1+0.03 0.03+0.01
Galeoides decadactylus 3.6 In Demersal 14-15 5 13.51+0.2 -15.65+0.23 | 1and2 0.08+0 0.02+0

Selene dorsalis 4.1 In Demersal 14-15 5 13.27+0.87 | -16.02+0.48 | 1and2 0.23 £0.05 0.06 +0.01

Sphyraena guachancho 4.4 In Pelagic 14-15 5 13.78+£0.84 | -15.77+0.32 | 1and2 0.24+0.14 0.06 +0.03

Table 15 Summary (mean * standard deviation) of the different biological parameters measured on fish from different sampling sites. TL and habitat
(Froese and Pauly, 2017) indicate respectively trophic level and water column distribution. “Shore” defines horizontal distribution of the species:
“Off” includes bathydemersal and oceanodromous species while “In” includes coastal, brackish and estuarine species. “Group” is relative to k-means
clustering of individuals based on §°C values: “1” includes pelagic/offshore fish while #2” includes demersal/inshore individuals.
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Data analyses

All of the data submitted to statistical tests were first checked for normality (Shapiro-Wilks
tests) and homogeneity of variances (Bartlett tests). When these conditions were met, raw
data were used and one-way ANOVAs followed by Tukey’s HSD tests were performed to test
differences between locations and habitats. Otherwise, non-parametric analogues were
used, i.e. Kruskal-Wallis tests followed by Conover-lman multiple comparison tests with
Bonferroni’s adjustment. All of the statistical analyses were performed using the open

source software R (version 3.3.2, R Core Team, 2016).

Results and Discussion

Spatial variations in stable isotope ratios and mercury

While no difference was found at the community level among sites for §*3C (Figure 27A), fish
sampled off the Saloum estuary displayed higher 8N than fish from Dakar, and fish
sampled off the Casamance estuary showed higher §"°N than those from the four other
locations (KW followed by Conover-Iman test; p < 0.001) (Figure 27B). On the one hand,
these observations can be due to the heterogeneous sampling in terms of species, possibly
leading to differences in mean trophic level between locations. On the other hand, nitrogen
inputs from watersheds to estuaries are known to stimulate microbial recycling of organic
matter, leading to 8N increases in coastal primary producers (McClelland and Valiela,
1998). However, the Saloum and Casamance are inverse estuaries and the exchange
between the estuaries and the ocean results from circulation induced by tides. At this time
of the year, shelf waters are renewed through the upwelling of subsurface waters which
occurs just south of the Cape Verde peninsula in the Southern Senegal Upwelling Sector
(SSUS) (Capet et al., 2016; Ndoye et al., 2017). Newly upwelled waters are mainly advected
southward along the coast (Ndoye et al., 2017). It implies that new nutrients can be first
uptaken and then recycled southward. Indeed, with currents of ~10cm/s, water upwelled
around 14°40'N will take at least 20 days to reach the Casamance latitude. Though "N can
vary with fish size leading to possible bias (Kiszka et al., 2015), trophic level derived from the
literature did not follow 8™N spatial pattern (i.e. Saint-Louis = Casamance > Grande-Cote =
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Dakar = Saloum; KW followed by Conover-lman test, p < 0.001), strengthening the
assumption that microbial recycling either through freshwater inputs from Saloum and
Casamance rivers or through the aging of upwelled enriched waters led to °N enrichment
which raised 6N baselines.

Concerning Hg spatial variation, fish sampled off the Saloum estuary displayed higher Hg
concentrations than those from Saint-Louis and Dakar (ANOVA followed by Tukey’s HSD test;
p < 0.01) (Figure 27C). This difference could be due to differential sampling depth among the
different sites. Methylmercury (MeHg) is an organic Hg species mainly produced by sulfate-
reducing bacterial activity from inorganic Hg and generally represents more than 95 % of
total mercury found in fish muscle (Bloom, 1992). As vertical distribution of MeHg exhibits
increasing concentrations with depth, an increase in muscle Hg levels with depth has already
been reported in various fish species (Choy et al., 2009; Cossa et al., 2012). As fish from
Saloum were captured at a higher depth than those from other locations (i.e. between 49
and 81 m) (Table 1), this could potentially contribute to higher Hg levels found in fish from
this site. Other possible explanations relate to hydrodynamic processes. First, Hg sources for
coastal waters include inputs from upwellings, rivers, groundwaters, atmospheric deposition
and waste water point sources (Cossa et al., 2017). The river-watershed largely contributes
to Hg inputs to coastal waters (Balcom et al., 2015; Choe and Gill, 2003) and is estimated to
be the highest total mercury source in ocean margins, mainly in association with organic
particles (Cossa et al., 1996). The higher Hg contamination in fish from Saloum station may
thus be the result of their feeding in the estuarine zone subjected to riverine inputs
suggested by the high 5N baseline. Moreover the Saloum site is located near the mouth of
the Gambia River, which is impacted by the use of Hg for gold amalgamation in small
artisanal mining (Niane et al., 2015). It is thus assumed that the Gambia River estuary can be
a source of anthropogenic Hg for fish feeding in this coastal area, including those sampled at
the Saloum site. Second, Hg bioavailability highly depends on water column stratification as
MeHg production peaks at the thermohalocline where density gradient is maximum and
allows organic matter accumulation and the associated bacterial activity (Cossa et al., 2012).
In areas under riverine influence such as estuaries, freshwater inputs might generate a
thermohalocline near the surface together with organic matter flocs which could enhance
MeHg formation. This higher Hg bioavailability would thus be for part responsible of the

higher Hg concentrations in fish from the Saloum region, which are supposed to feed in the
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Saloum and Gambia river estuaries. Third, upwellings constitute a major Hg source from the
ocean to the neritic zone. Indeed, MeHg is mainly formed near the shelf edge, where organic
carbon degradation is intense. Upwelled waters from this depth can account for more than
half of MeHg accumulated by fish in ocean margins (Cossa et al., 2017, 1996). In Senegal,
upwelling occurs mainly in winter and is stronger from February to April. It produces a
coastal jet confined nearshore which flows southward alongside the coast (Auger et al.,
2015). Recently, coastal waters of southern Senegal were shown to originate from a
northernmost upwelling area (Ndoye et al., 2017). Because the fish were collected during
the active upwelling season when the coastal current is the strongest, transport of MeHg by
upwelled waters might contribute to the greater Hg levels at the most southern locations
(i.e. Saloum and Casamance; Figure 27C). This pattern was also observed for other metals

like cadmium (Le Croizier et al., 2016b).
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Figure 27 8°C (%; A) and 8°N (%; B) signatures and mercury (Hg in ppm dry weight; C)
concentration in muscles of fish from various sites (“Saint-Louis”, n=24; “Grande-Céte”, n=5;
“Dakar”, n=29; “Saloum”, n=44; D: “Casamance”, n=35). Different letter indicates significant
difference between groups (B: KW test followed by Conover-lman multiple comparison test
with Bonferroni’s adjustment method, p < 0.001; C: ANOVA followed by Tukey’s HSD test; p <

0.01).
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Mercury accumulation variability at the species level

The different fish species were classified in two distinct groups according to horizontal
distribution (i.e. offshore-inshore gradient) (Froese and Pauly, 2017). “Offshore” includes
bathydemersal and oceanodromous species while “Inshore” includes coastal, brackish and
estuarine species. Hg concentration in the muscle was higher in inshore fish compared to
offshore ones (ANOVA; p < 0.001) (Figure 28A). It shows that proximity to the coast implies
higher Hg exposition, suggesting terrestrial Hg inputs. In the present case study, estuarine
influence shown by variations in 8'°N baseline may bring substantial inorganic particulate Hg
to the coastal marine environment (Figure 29), as observed in other areas like the Gulf of
Mexico and the Mediterranean Sea (Cossa and Coquery, 2005; Senn et al.,, 2010). In a
previous study, higher Hg amounts were found in coastal species from Senegal during the
wet season compared to the dry season (Diop and Amara, 2016). As upwelling intensity is
higher during the dry season (Ndoye, 2016) whereas rainfall is higher during the wet season
leading to increased runoff from land and rivers, it strengthens the hypothesis of influence
of fluvial inputs among other potential Hg sources like upwelling.

In order to investigate the influence of vertical distribution (i.e. water column occupation),
the different fish species were grouped according to their known habitat (i.e. pelagic,
benthopelagic and demersal) (Froese and Pauly, 2017). Hg concentration increased from the
surface to the bottom, demersal species exhibiting higher Hg concentrations relative to
pelagic fish, while benthopelagic species showed intermediate Hg values (ANOVA followed
by Tukey’s HSD test; p < 0.01) (Figure 28B). Microbial MeHg production and subsequent
mobilization from sediments is known to be a major source for Hg accumulation by coastal
marine organisms including edible fish (Hammerschmidt and Fitzgerald, 2006), implying a
higher Hg bioavailability for benthic organisms (Fitzgerald et al., 2007). Moreover,
photodemethylation by ultraviolet radiation concurs to remove MeHg in surface water and
reduce Hg bioavailability for pelagic species which feed near the surface (Lehnherr et al.,
2011) (Figure 29). These two mechanisms might explain the Hg gradient found along the
water column distribution of the species sampled in the present study. These results are in
accordance with a previous study on a wide range of species (i.e. 120) from the Bay of Biscay
(north-east Atlantic), in which pelagic organisms showed lower Hg concentrations than

benthic and benthopelagic ones (Chouvelon et al., 2012b). Water column distribution was
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moreover the factor providing the highest contribution to explaining the variability in muscle

Hg concentrations, highlighting the importance of this parameter in understanding marine

fish species exposition to Hg.
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Figure 28 Mercury (Hg) concentration (ppm dry weight) in muscles of fish species according to
their proximity to the coast (A) and according to water column distribution (B) (Froese and
Pauly, 2017). Different letter indicates significant difference between groups (ANOVA followed
by Tukey’s HSD test; A: p < 0.001, B: p < 0.01).
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Figure29 Schematic representation of major processes involved in Hg accumulation in marine fish species from the Senegalese coast. River inputs
carry organic matter (OM) and particulate inorganic Hg to the coastal environment. After particles sinking, Hg is methylated by bacterial activity,
becoming highly bioavailable for fish foraging near the sediments (i.e. demersal species and, to a lesser extent, benthopelagic species).
Methylmercury (MeHg) is rapidly accumulated by the biota, and concentrations decrease away from the coast. MeHg is also supposed to be
transported nearshore by a coastal current resulting from the upwelling activity. Near the surface, photochemical degradation of MeHg leads to
formation of inorganic Hg which is poorly assimilated by pelagic fish.

155



Mercury accumulation variability at the individual level

Hg accumulation was previously shown to be linked with species-specific characteristics in
horizontal and vertical distribution (Figure 28). Some fish species can however display a high
intraspecific variability in terms of diet composition and foraging habitat, which can be
reflected in metal accumulation (Das et al., 2000; Le Croizier et al., 2016b). Intraspecific
variability in horizontal distribution can lead to differences in Hg accumulation in the dusty
grouper Epinephelus marginatus from the Southern Brazilian coast (Condini et al., 2017).
Individuals sampled in an estuarine zone were more contaminated than those from an
offshore bank due to anthropogenic Hg rejects in the drainage basin of the estuary. Vertical
distribution can also participate to Hg accumulation variability among individuals of a same
species. It can occur trough ontogenetic shift in foraging habitat, like for the bluefish
Pomatomus saltatrix which presents higher Hg accumulation in early life stage when feeding
on benthic preys compared to feeding on pelagic preys during the following years (Szczebak
and Taylor, 2011). It can also result from depth of occurrence as shown for the European
hake from Northwestern Mediterranean, where Hg concentrations in muscle followed MeHg
distribution in the water column (Cossa et al., 2012). These authors concluded that Hg
bioavailability was higher for hakes inhabiting the continental slope than the continental
shelf. Working at the specific level might therefore not be the more relevant method to
study metal bioaccumulation. Following this postulate, individual stable isotopes values
were used to investigate the role of trophic position through 8N and foraging habitat
through 83Cin Hg contamination.

Numerous studies found that Hg concentrations observed in marine fish were mainly
explained by 615N, that is, trophic level (Sackett et al., 2015; Senn et al., 2010). Hg is well
known to biomagnify (i.e. increase with trophic level) within marine food webs (McMeans et
al.,, 2010), making 5N a primary driver for Hg accumulation. In the present study, 8N
varied among locations so that the link between 8N and Hg was only investigated at the
local level. Hg concentration in fish muscle was found to be correlated to §*°N in Saint-Louis
(Figure 30A, p < 0.001) and Dakar (Figure 30B, p < 0.001) while no correlation was observed
in Saloum (Figure 30C) and Casamance (Figure 30D). In the first two sites, Hg accumulation
followed trophic position as frequently observed in fish communities. In Saloum and

Casamance, the lack of observed biomagnification can be attributed to the limited 8N
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gradient within these fish communities compared to those from northern sites. Indeed, a
previous study about bioaccumulation of other metal elements than Hg found a three steps
gradient in the 8N values of fish from Dakar, while those from Casamance displayed only a
two step gradient (Le Croizier et al., 2016b). These findings suggest that 8"°N would not be a
sufficient parameter to explain Hg accumulation variability among fish with too close trophic
level. Furthermore, northern ecosystems (i.e. Saint-Louis and Dakar) may support only one
main nitrogen source of marine origin, while southern sites (i.e. Saloum and Casamance)
may display two main nitrogen sources, one of marine origin and the second of estuarine or
upwelling origin. Multiple nitrogen sources may thus prevent to observe classical correlation
between Hg and 8N in locations influenced by estuarine inputs.

Because both vertical and horizontal distribution is reflected in §3C, this marker can give
confounding information concerning water column distribution and proximity to coast.
However, it globally allows discriminate pelagic/offshore from demersal/inshore habits of
the fish. §"3C did not vary significantly with location in our study (Figure 27A), but 6°C values
in fish from Saloum station displayed a particular pattern. While low 83C values are
generally attributed to pelagic/offshore foraging habitat in marine food webs, organisms
from areas submitted to terrestrial inputs like estuaries can be depleted in 13C due to the
lowest 8"°C of terrestrial particular organic matter (POM) compared to marine POM (Cresson
et al., 2014; Darnaude, 2005). It can lead to the observation of low 8C in fish however
known to exhibit coastal benthic habits. In the fish sampled off the Saloum estuary, the
three species displaying the lowest 82C values were Chelidonichthys gabonensis,
Pseudupeneus prayensis and Dentex canariensis (6"3C = -16.96 + 0.35 %o, -16.93 + 0.55 %o
and -16.54 + 0.37 %o respectively), all described as coastal and demersal species (Table 1). It
thus suggests that these low 8'3C values reflected a terrestrial influence due to inputs from
the Saloum and Gambia River estuaries rather than offshore/pelagic signatures (Figure 31A).
In fish from this site, Hg levels increased for both the lowest 85c (terrestrial influence) and
the highest 6*3C (inshore/demersal) (p < 0.001), highlighting the higher Hg accumulation of
individual displaying inshore and demersal foraging. Besides the local trend off the Saloum
estuary, as 86"C pattern was similar between sites, the link between Hg and 6%C was
investigated confounding fish from all remaining locations. A positive correlation was also
found between individual Hg concentrations and 83C values (p < 0.001; Figure 31B),

strengthening the involvement of coastal environment and sediments in individual Hg
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exposition. This link between Hg level and inshore/demersal affinity inferred by §*C was

also found in fish from other marine environments (Bank et al., 2007; Goutte et al., 2015).
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Figure30 Mercury (Hg) concentration (ppm dry weight) in muscles of individual fish vs. muscle
8°N (%) signature from various sites (A: “Saint-Louis”; B: “Dakar”; C: “Saloum”; D:
“Casamance”). Data fit a linear curve in A and B but not in C and D. “Grande Céte” station was
not shown because only 5 individuals were sampled.
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Figure 31 Mercury (Hg) concentration (ppm dry weight) in muscles of individual fish vs. muscle
8°C (%) signature from “Saloum” station (A), from various sites (i.e. “Saint-Louis”, “Grande
Cote”, “Dakar”, “Casamance”; B) and from all confounded sites except red points from Saloum
(C). Data fit a polynomial curve in A, while data fit a linear curve in B. The former is due to the
low 8°C of the red-colored individuals despite their well known coastal ecology, suggesting
influence of terrestrial input more than offshore §°C signature. C: The two groups determined
trough k-means clustering on individual §°C values explained 71.6 % of the observed variability
and significantly differed in §°C values (ANOVA, p < 0.001).
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To investigate intraspecific variability in terms of foraging habitat, individual fish were
grouped according to their carbon source (ie. group 1: lowest &%C suggesting
offshore/pelagic habits and group 2: highest §'°C indicating inshore/demersal affinity)
(Figure 31C). Individuals from the three species from Saloum discussed above were excluded
from the analysis since there terrestrial 8¢ signature would not assign them in a group
reflecting their coastal/benthic described ecology. The k-means clustering in two groups
explained 71.6 % of the observed variability in Hg content, attesting the relevance of this
partitioning inferred from 8C values. Half of the species included in the clustering were
split between the two groups (i.e. Group: “1 and 2” in table 15), highlighting the great
discrepancy in habitat occupation of individuals from a same species. Despite this high
intraspecific variability, Hg bioaccumulation followed the same pattern as found at the
species level, with offshore/pelagic fish being less contaminated than inshore/demersal ones

(KW, p <0.001) (Figure 32).
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Figure 32 Mercury (Hg) concentration (ppm dry weight) in muscles of fish according to §°C
clustering. Group 1: offshore/pelagic vs. 2: inshore/demersal habits. Different letter indicates
significant difference between groups (KW test followed by Conover-Iman multiple comparison
test with Bonferroni’s adjustment method; p < 0.001).
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Impact of Hg concentrations on consumer health

Conversely to other toxic metal elements like cadmium, which are poorly assimilated from
food (Le Croizier, 2017), more than 95 % of MeHg is absorbed from the intestinal tract after
ingestion and can impair human health mainly trough neurological damages (Bosch et al.,
2016). As fish consumption constitutes the main pathway for Hg exposition (Driscoll et al.,
2013) and fish exhibited high inter and intraspecific variability in Hg levels, attention should
be focused on determining which fish are safe or should be avoided for human consumption.
In the present study, all individuals presented muscular Hg concentration below the current
maximum acceptable limit for seafood consumption (see Supporting Information) set by
both the European Union and the Food and Agriculture Organization of the United Nations,
which is 0.5 ppm ww for the species investigated here (EU, 2006; FAO, 2003). However,
considering the Provisional Tolerable Weekly Intake (PTWI) set at 1.6 pug kg-1 (bw) for MeHg
(JECFA (FAO/OMS), 2007) and assuming that nearly all the bioaccumulated Hg is in its
organic form (Bloom, 1992), consumption of some species from southern locations like
Saloum and Casamance should be limited. Indeed, the quantity of muscle tissue consumed
per day by a 70 kg person should not exceed 160 g for Dicologoglossa hexophthalma 145 g
for Pseudupeneus prayensis, 133 g for Plectorhinchus mediterraneus and 114 g for Caranx
rhonchus (Table 2). As marine products represent the main source of protein intake for the
population of Senegal especially in southern areas (FAO, 2006), overconsumption of some

coastal demersal species could be of sanitary concern regarding human exposition to Hg.
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Les zones d’upwelling telles que le courant des Canaries en Afrique de |'ouest comptent
parmi les écosystemes marins les plus productifs en termes de biomasse et sont ainsi les
plus exploitées par 'Homme, produisant prés d’un cinquiéeme des captures marines
mondiales (Fréon et al., 2009). Ces écosystémes cotiers sont de plus soumis a une pression
anthropique responsable de pollutions locales telles que la contamination par les éléments
métalliques. A ces rejets d’origine terrestre, viennent s’ajouter des phénomenes naturels
augmentant la biodisponibilité des métaux, tels que la remise en suspension des éléments
par les remontées d’eaux profondes induites par les courants d’upwelling. Ces différents
processus conduisent a l'assimilation et I'accumulation des métaux par les organismes
marins, et leur transmission dans la chaine alimentaire jusqu’aux consommateurs finaux
incluant I’'Homme. Certains métaux comme le cadmium (Cd) présentent une toxicité pour les
animaux et I’'Homme et font donc I'objet de recommandations sanitaires, notamment sur les
guantités ingérées a ne pas excéder par semaine et en fonction de la masse corporelle. Ces
recommandations peuvent toutefois étre sujettes a caution, les concentrations métalliques
retrouvées dans les différents organismes consommés tels que les poissons marins étant
largement variables en fonction de I'espéce considérée et/ou des différents comportements

individuels en termes de distribution spatiale et de régime alimentaire.

Dans ce contexte, les objectifs de ce travail de these étaient de caractériser les parametres
déterminant la variabilité de I'accumulation des métaux par les poissons marins, au moyen
de deux approches, I'une portant sur les particularités physiologiques et I'autre sur les
mécanismes écologiques régissant la bioaccumulation. Une comparaison expérimentale des
cinétiques d’accumulation et d’élimination du Cd au niveau tissulaire en lien avec les
concentrations en métallothionéines (MT), protéines ayant de hautes affinités pour les ions
métalliques, a d’abord été menée chez deux espéces de poissons présentes dans le courant
des Canaries (Article 1, soumis). La répartition subcellulaire du Cd au sein des hépatocytes
ainsi que son interférence avec les métaux essentiels ont ensuite été étudiées chez ces
mémes especes, dans le but d’évaluer leurs capacités de détoxication et d’élimination du Cd
(Article 2, soumis). Concernant |'analyse des parameétres écologiques, la mesure des
concentrations métalliques a été comparée a différents indicateurs de I'habitat et du régime
alimentaire chez de nombreuses espéces provenant des cotes du Sénégal. Les rapports

isotopiques du carbone et de I'azote ainsi que la composition en acides gras des lipides de
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réserve ont d’abord permis d’évaluer I'importance de la composition des proies dans le
transfert trophique des métaux jusqu’aux poissons (Article 3 : Le Croizier et al., 2016). Les
isotopes stables ont enfin été utilisés pour caractériser le réle de I’habitat dans I'exposition

des poissons du Sénégal a un métal toxique modeéle : le mercure (Article 4, soumis).
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Figure 33 Schéma récapitulatif des 4 principaux parametres étudiés, déterminant les
concentrations métalliques chez les poissons marins. 1) Les cinétiques d’accumulation et
d’élimination dans différents organes; 2) la répartition subcellulaire des métaux; 3) La
composition des proies; 4) L’occupation de I'habitat. Les fléches représentent les flux
d’éléments métalliques entre les compartiments.
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1. LA BIOACCUMULATION DES METAUX PAR LES POISSONS
MARINS

Les résultats obtenus dans le chapitre 1 ont montré une accumulation du Cd plus rapide
dans le foie du bar comparé a la sole. Ces observations suggérent un transport facilité a
travers la paroi intestinale, conduisant sans doute a une plus grande efficacité d’assimilation
(EA), et témoignent ainsi de l'importance de I'EA dans les différences d’accumulation
retrouvées entre especes. A partir du foie, le Cd a de plus été transporté jusqu’au muscle
plus rapidement et en plus grande proportion chez le bar. L’excrétion biliaire du métal est
également plus importante chez cette espéce en proportion de la quantité de Cd dans le
foie. Ces résultats, mis en relation avec les concentrations en métallothionéines (MT) plus
élevées chez le bar, présagent d’une implication des MT dans les cinétiques d’accumulation
et d’élimination du Cd. Il est d’abord possible que des concentrations en MT plus élevées
soient également retrouvées dans les entérocytes du bar, impliquant une meilleure
détoxication du Cd et un maintien des capacités d’assimilation conduisant a une plus forte
accumulation. De plus, les MT semblent faciliter la sortie du Cd hors des hépatocytes : soit
vers le milieu externe via la sécrétion de bile dans l'intestin puis I’élimination du Cd par les
feces, soit a destination d’autres organes tels que le muscle. En effet, dans le chapitre 2 nous
avons montré chez le bar que plus de la moitié du Cd était lié a la fraction cellulaire
contenant les MT. Au vu de [l'élimination effective du Cd a I’échelle du foie entier,
équivalente a environ 60 % de la concentration de départ aprés 2 mois de dépuration, cela
confirme I'excrétion des complexes Cd-MT hors des cellules du foie.

Cependant, méme si le transport du Cd par les MT du foie vers d’autres organes tels que les
reins est soupgconné chez les mammiféres depuis de nombreuses années (Chan et al., 1993),
les mécanismes transmembranaires par lesquels les MT sont excrétées des hépatocytes sont
encore mal connus (Moltedo et al., 2000). Ainsi, les voies d’exocytose des complexes Cd-MT
restent a caractériser (Saboli¢ et al., 2010; Zalups et Ahmad, 2003) de méme que les
transporteurs impliqués dans le transport extra-membranaire du Cd de facon générale,

malgré plus de 40 ans de recherche dans ce domaine (Moulis et al., 2014).
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Cette amélioration de I’élimination liée a la séquestration des métaux par les MT n’avait
jusgu’a lors pas été montrée chez les vertébrés marins. En effet, a notre connaissance seuls
Long et Wang (2005) ont étudié le lien entre MT et élimination chez Terapon jarbua et ont
trouvé une corrélation négative entre concentration en MT et élimination du Cd a I’échelle
du corps entier. Leur protocole comprenait toutefois une pré-exposition a I'argent et au
cuivre, rendant difficile la comparaison avec nos résultats. Pan et Wang (2009) ont
cependant établi pour 5 espéces de bivalves une corrélation positive trés étroite (r> = 0,99)
entre la proportion de cuivre incluse dans la fraction cellulaire contenant les MT et la vitesse
d’élimination du métal. Ces conclusion conduisent a la nécessité de reconsidérer la théorie
décrivant les MT comme appartenant a une fraction impliguée uniqguement dans
I’'accumulation, tel que décrit par exemple dans la revue de Vijver et al. (2004) (Figure 34),
en leur ajoutant un réle dans I’élimination des métaux. De méme, la forme majeure
d’élimination du Cd a partir des hépatocytes chez la sole semble liée a la précipitation du
métal au sein de granules (MRG), avant leur séquestration par le systtme endomembranaire
(i.e. réticulum endoplasmique et appareil de Golgi) et exocytose via les lysosomes. Les
granules étaient en général jusqu’a présent considérés comme des puits pour I'accumulation
des métaux, méme si des phénomenes d’élimination du Cd a partir de cette fraction avaient

déja été observés chez les bivalves (Wallace et al., 2003).

|:| Granules

B vysosomes

] organelies et microsomes

A |_g] ] movau et membranes

D Protdines thermosensibles
jenzyme)

. Protéines thermoresistantas

BC )

: CD & - accumulation
BCD B : élimination

C & toxicite

D : transfert trophigue

Figure34 Hypothéses générales concernant le réle des différentes fractions cellulaires
séquestrant les métaux chez les animaux, en termes d’accumulation (A), d’élimination (B), de
sensibilité a la toxicité (C) et de transfert trophique (D). La taille des fractions correspond a la
répartition du Cd généralement observée. En blanc : les hypothéses suggérées par les résultats
des chapitres 1 et 2 des présents travaux. Adapté de la revue de Vijver et al. (2004).
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D’autre part, la plus grande allocation de Cd vers le muscle observée chez le bar dans le
cadre du chapitre 1 souléve certaines questions intéressantes. En effet, notre hypothéese
propose que le Cd soit conduit vers le muscle en méme temps que des protéines ou des
acides aminés (AA) nécessaires au renouvellement de la structure musculaire, induit par
I'activité de nage permanente du bar. A contrario, les muscles de la sole étant moins
sollicités de par son comportement sédentaire, le besoin en unités structurantes se veut
moins important et nimpliquerait qu’un transport limité d’AA et indirectement de Cd vers le
compartiment musculaire. De plus, les lipides de réserve représentent la forme majeure de
stockage d’énergie chez les poissons (Tocher, 2003) et peuvent renfermer une proportion
importante du Cd dans le foie (i.e. pres de 30 % du Cd total, voir chapitre 2). Selon le méme
raisonnement que pour les protéines, il est possible que les plus forts besoins énergétiques
liés a I'utilisation des muscles chez le bar, aient entrainé un transport du Cd plus important
par le biais des lipides chez cette espece comparé a la sole. Ainsi, ces hypothéses
permettraient d’expliquer les fortes valeurs de Cd pouvant étre observées dans le muscle de
certaines espéces prédatrices trés actives telles que les grands poissons pélagiques comme
les espadons et les thons (Aradjo et Cedeno-Macias, 2016; Kojadinovic et al., 2007), malgré
I'absence de bioamplification du Cd au long de la chaine trophique (Mathews et al., 2008;
Mathews et Fisher, 2008). Dans ce contexte, il serait intéressant de caractériser les formes
complexées du Cd au cours de son transport sanguin, afin d’évaluer I'importance relative des
lipides et des protéines (ou acides aminés) dans I'acheminement du métal jusqu’au muscle.

La formation de complexes Cd-MT semble favoriser I'excrétion biliaire du métal, comme
montré pour le bar au cours des chapitres 1 et 2. Des conclusions similaires ont été tirées
d’études impliqguant d’autres espéces de poissons comme la tilapia du Nil Oreochromis
niloticus et le poisson zébre Danio rerio, exposés respectivement au cuivre et au sélénium
(Hauser-Davis et al.,, 2016, 2014a). Ces auteurs ont montré, aprés avoir isolé les MT
présentes dans la bile, que les métaux sont liés a cette fraction et que leur excrétion
entraine une diminution des concentrations métalliques hépatiques. Chez les mammiferes, il
semblerait au contraire que les MT inhibent la sécrétion biliaire du Cd (Klaassen et al., 2009),
le Cd retrouvé dans la bile étant d’avantage lié a du glutathion réduit (GSH) (Zalups et
Ahmad, 2003). La fraction de protéines thermorésistantes (HSP) étudiée au cours du

chapitre 2 comprend les MT, mais également le GSH. Il serait donc intéressant de procéder a
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une caractérisation précise des formes complexées du Cd dans la bile, afin de trancher quant
a I'implication réelle des MT dans I'excrétion biliaire du Cd chez les poissons marins.

Malgré leur utilisation massive en tant que biomarqueur de contamination métallique en
milieu naturel (Aldo Viarengo, 1999; Hauser-Davis et al., 2012b; Lionetto et al., 2001), la
synthése de métallothionéines (MT) peut étre induite par de nombreux facteurs
environnementaux et endogenes (Hylland et al., 1998; R. Siscar et al., 2014) et ainsi ne pas
nécessairement refléter le degré d’exposition des poissons marins aux métaux (Mieiro et al.,
2011). Dans le cadre des expérimentations du chapitre 1, I'accumulation de Cd n’a
globalement pas conduit a la synthése de novo de MT chez les deux espéces étudiées, méme
aprés exposition a la plus forte dose. Les concentrations en Cd dans la nourriture ayant été
fixées en accord avec des niveaux de contamination observés chez des proies potentielles de
ces especes en milieu impacté (Bodin et al., 2013; Maanan, 2008; Rouhi et al., 2007), ces
résultats confirment le manque de pertinence concernant ['utilisation des MT comme
indicateur de pollution pour les poissons marins.

Cependant, notre étude a montré que les concentrations basales en MT semblaient
caractéristiques de l'espece et participaient a la variabilité d’accumulation du Cd sans
synthése supplémentaire. A notre connaissance, aucune étude n’a encore démontré de
telles différences entre espéces sans les attribuer a des réponses liées aux conditions
environnementales. Dans le cas de nos travaux, il est cependant possible que les
concentrations en MT contrastées chez les deux espéces soient le reflet des différentes
histoires de vie de ces poissons, ces derniers ne provenant pas des mémes élevages
aquacoles. Il serait donc intéressant d’approfondir cette hypothése en maintenant a long
terme des souches sauvages de différentes espéces dans les mémes conditions d’élevage,
afin de s’affranchir de I'influence environnementale. Le caractére héritable des teneurs en
MT a l'échelle de I'espéce pourraient également étre analysées sur les générations
suivantes. Cette démarche permettrait peut-étre de mettre en évidence le rble
potentiellement important d’un caractére physiologique spécifique dans la variabilité

d’accumulation observée in situ.
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2. ORIGINE DES ELEMENTS METALLIQUES

Naturelle versus industrielle

Le chapitre 3 a montré que les schémas de contamination variaient entre une zone impactée
(Dakar) et une zone moins anthropisée (Casamance). A Dakar, le réseau trophique démersal
semble d’avantage sujet a la contamination métallique puisque I'accumulation est corrélée a
des signatures caractéristiques de la consommation de proies benthiques. En revanche, le
transfert des métaux jusqu’aux poissons a également lieu au travers du réseau trophique
pélagique en Casamance. Hormis ces différentes sources d’exposition et malgré le caractere
moins anthropisé de la Casamance, certaines especes de cette région présentaient les plus
fortes valeurs accumulées observées dans notre étude pour des métaux toxiques tels que le
Cd. Ainsi, la plus forte concentration en Cd fut observée dans le foie du chinchard Caranx
rhonchus péché en Casamance, correspondant a 43,5 + 18,3 ppm de poids sec (ps), alors que
la plus haute valeur trouvée dans la région Dakaroise ne dépassaient pas 16,7 + 4,5 ppm ps

dans le foie du sparaillon africain Diplodus bellottii (Table X).

Région Espeéce n Cd
Caranx rhonchus 4 25+1,1
Boops boops 5 13+9,5
Dakar Diplodus bellottii 5 16,7 £ 4,5
Pseudupeneus prayensis 5 8,9+3,8
Scomber japonicus 5 8,2+2,6
Trachurus trecae 5 12,5+7,7
Caranx rhonchus 5 435+ 18,3
Brachydeuterus auritus 5 20,4+4,4
Casamance Chloroscombrus chrysurus 5 19,5+7,6
Galeoides decadactylus 5 53+1,3
Selene dorsalis 5 6,5+2,8
Sphyraena guachancho 5 2+0,8

Tableau 16 Concentration moyenne (ppm de poids sec) en cadmium (Cd) dans le foie de
différentes espéces péchées a Dakar et en Casamance. n : nombre d’individus. Issu de ce travail
de thése.
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Cette constatation pose la question de la provenance de métaux tels que le Cd dans
I’environnement marin de la Casamance qui, contrairement a Dakar, n’est pas directement
impacté par des rejets industriels ou urbains. L’hypothése d’un transport de ces éléments
par les courants coOtiers a été envisagée pour notre cas d’étude, cependant une
caractérisation plus précise de la provenance de ces éléments serait intéressante.
L'utilisation des rapports isotopiques des métaux dans la détermination de leur origine
connait un essor croissant ces dernieres années. En effet, a l'instar des éléments plus
classiquement utilisés (azote, carbone, hydrogéne, oxygene, souffre..), de nombreux
processus naturels ou industriels conduisent a un fractionnement isotopique des éléments
métalliques (Wiederhold, 2015). Il a par exemple été montré que les procédés industriels
tels que le raffinage de minerais pouvaient générer un fractionnement du Cd, entrainant un
enrichissement du résidu en isotopes lourds aprés évaporation préférentielle des isotopes
légers (Cloquet et al., 2006; Shiel et al., 2010). Ce fractionnement a permis d’identifier la
contribution relative de sources anthropiques et naturelles (upwelling) chez plusieurs
especes de bivalves de différentes régions (Shiel et al., 2013, 2012). Cet outil serait
particulierement utile dans la détermination de 'origine du Cd accumulé par les organismes
marins du courant des Canaries, et dont la provenance ne fait pas I'objet d’'un consensus a
I’heure actuelle (Auger et al., 2015; Waeles et al., 2016). Cette approche nécessite toutefois
guelques prérequis, comme la connaissance du degré de fractionnement de I'élément lors
de son transfert entre les différents maillons de la chaine trophique. Il a ainsi été montré une
légére assimilation préférentielle des isotopes légers du Cd par le phytoplancton, résultant
en un enrichissement en isotopes lourds dans I’'eau de mer (Horner et al., 2013; Ripperger et
al., 2007). A notre connaissance, aucune étude n'a encore caractérisé le degré de
fractionnement isotopique du Cd le long d’une chaine trophique marine, mais les résultats
obtenus sur d’autres métaux tels que le zinc suggerent un enrichissement en isotopes légers
avec l'augmentation du niveau trophique (Jaouen et al., 2016). Il pourrait ainsi étre
intéressant de mesurer les rapports isotopiques du Cd dans |'aliment et les organes des deux
espéeces de poissons utilisés dans le cadre des chapitres 1 et 2. Cela permettrait d’évaluer si
un fractionnement a lieu lors de I'assimilation, et s’il peut dépendre de I'espece ou de
I'organe considéré, comme montré pour d’autres métaux chez les mammiféres, lié entre
autres a des différences de transporteurs membranaires (Balter et al., 2013). De plus, méme

si la plupart des procédés industriels conduisent a un fractionnement isotopique du Cd, son
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5cd) varie fortement dans les résidus en fonction

rapport isotopique le plus employé (i.e.
du processus considéré (Martinkovda et al.,, 2016). Ce constat nécessite donc la
caractérisation des signatures isotopiques des sources potentielles de contamination pour

pouvoir identifier avec précision la provenance du métal.

Voies de transfert trophique

Les rapports isotopiques du mercure (Hg) ont quant a eux été d’avantage exploités dans la
caractérisation des sources naturelles et des voies de transfert de ce contaminant durant ces
derniéres années. Le Hg subit deux types de fractionnement liés a des processus naturels : le
fractionnement dépendant de la masse (MDF) et le fractionnement indépendant de la masse
(MIF). Le MDF résulte de nombreuses actions incluant la méthylation microbienne
(Rodriguez-Gonzdlez et al., 2009), alors que le MIF est principalement d{ a la dégradation
photochimique (Bergquist et Blum, 2007). En revanche, les rapports isotopiques du Hg sont
généralement conservés lors des transferts trophiques et les consommateurs refletent la
signature isotopique de leurs proies. Cette conservation a été montrée en milieu contrélé
pour différentes especes de poissons prédateurs comme la perchaude Perca flavescens
(Kwon et al., 2012), la sériole couronnée Seriola dumerili (Kwon et al., 2013) et le thon rouge
du pacifique Thunnus orientalis (Kwon et al., 2016), méme si le temps nécessaire au
renouvellement total de la signature isotopique du Hg varie entre les espéces (i.e. environ 30
jours pour la sériole contre 700 jours pour le thon). De plus, comme les différents processus
induisant un fractionnement different entre les milieux, les signatures isotopiques du Hg
permettent de caractériser les sources alimentaires et les habitats a l'origine de la
contamination des différentes especes de poissons marins, en discriminant des affinités
estuariennes versus océaniques (Li et al., 2016; Senn et al.,, 2010) ou benthiques versus
pélagiques (Gehrke et al., 2011). Enfin, la large majorité du mercure se trouvant sous forme
méthylée (i.e. MeHg) chez les organismes aquatiques, un protocole a été mis en place
récemment par Masbou et al. (2015) afin d’appliquer la méthode de I'analyse isotopique des
composés spécifiques (CSIA) au carbone contenu dans le groupement méthyle du MeHg, et
ainsi pouvoir caractériser la chaine alimentaire par laguelle ce contaminant est amplifié
jusqu’aux consommateurs. Ces outils s’avereraient particulierement utiles pour confirmer

les résultats obtenus au cours du chapitre 4. En effet, ils permettraient peut-étre de valider
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I’hypothese d’une origine principalement cotiére du mercure (via apports des fleuves ou du
courant cotier d’upwelling) suggérée par la contamination supérieure des poissons aux
préférences alimentaires cotiéres et benthiques, déterminées grace aux isotopes stables du

carbone et de I'azote.

3. TRACEURS ECOLOGIQUES

Divergence entre traceurs

Malgré I'utilisation éprouvée des isotopes stables du carbone et de I'azote pour déterminer
le niveau trophique (6™N), ’habitat d’alimentation (6*3C) et la niche trophique (combinaison
du 8N et du 6%C), ces outils présentent des limites. Hussey et al. (2015) ont déterminé le
niveau trophique de 13 espéces de grands requins d’Afrique du Sud basé sur 3 différents
types d’analyses : le 8°N du muscle, le §°N sur acides aminés et le contenu stomacal. Ils ont
obtenu des estimations tres différentes en fonction de la méthode utilisée pour certains
requins, avec des écarts de plus d’un niveau trophique pour une méme espece. De méme,
Sardenne et al., (2016) ont évalué la niche trophique de 3 espéces de thons tropicaux dans
I'ouest de I'océan Indien grace a I'analyse du 5N et 6C ainsi gue la composition en acide
gras des lipides neutres. Concernant le thon obese Thunnus obesus et |'albacore T<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>